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PREFACE 


The  subject  of  this  volume  is  one  of  far-reaching  importance 
to  society  at  large.  Since  its  inception  radio  communication 
has  been  plagued  by  a  shortage  of  space  for  ever-increasing 
numbers  of  stations  and  new  services,  from  ship-to-shore 
"wireless"  in  1902  to  television  in  1952.  As  new  regions  of 
the  radio  spectrum  have  been  explored  and  opened  to  prac- 
tical operations,  commerce  and  industry  have  found  more 
than  enough  new  uses  to  crowd  them. 

As  a  result  it  has  become  increasingly  clear  that  the  spec- 
trum is  a  public  domain  which  must  be  conserved  as  care- 
fully as  if  it  were  farm  land,  forest  preserves,  water  power, 
or  mineral  wealth.  The  job  of  conservation  has  been  com- 
plicated by  the  fact  that  wise  administration  by  government, 
while  essential,  is  not  sufficient.  Radio  obeys  the  laws  of 
nature,  and  its  administration  must  proceed  within  the  con- 
fines of  scientific  knowledge  and  procedures,  some  of  which, 
such  as  the  equations  governing  the  propagation  of  radio 
waves  over  and  above  the  earth,  are  as  complicated  as  any 
that  science  has  to  offer. 

Add  to  this  the  fact  that  radio  transmissions,  in  one  form 
or  another,  affect  the  life  of  nearly  every  inhabitant  of  the 
globe.  Radio  is  essential  to  the  safety  of  sea  and  air  travel, 
carries  a  substantial  portion  of  all  information  across  inter- 
national borders,  makes  the  difference  between  winning  a 
war  or  losing  it,  gives  entertainment  and,  it  is  to  be  hoped, 
education  to  half  the  population  of  the  world.  Add  these 
facts,  and  it  is  clear  that  this  intangible  public  resource,  the 
radio  spectrum,  requires  wise  and  courageous  conservation 
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no  less  than  its  tangible  brothers,  oil,  coal,  copper,  forests, 
and  water  power. 

The  purpose  of  this  book  is  to  review  the  properties  of 
radio  transmission,  in  language  as  simple  as  the  subject 
allows,  and  to  discern  the  course  to  be  pursued  in  order  to 
bring  its  benefits  in  maximum  measure  to  the  largest  pos- 
sible number  of  the  world's  people.  It  has  been  prepared 
under  the  auspices  of  the  Joint  Technical  Advisory  Com- 
mittee (JTAC),  a  group  of  distinguished  radio  engineers  who 
have,  since  1948,  performed  numerous  acts  of  public  service, 
particularly  as  advisers  to  the  Federal  Communications  Com- 
mission (FCC). 

JTAC  was  formed  in  June,  1948,  by  joint  action  of  the 
Boards  of  Directors  of  the  Institute  of  Radio  Engineers 
(IRE)  and  the  Radio-Television  Manufacturers  Association 
( RTM A ) .  Its  purpose  is  to  consult  with  government  agencies 
and  other  professional  and  industrial  groups,  to  determine 
what  technical  information  is  required  to  ensure  the  wise  use 
and  regulation  of  radio  facilities,  and  to  collect  and  dissemi- 
nate such  information.  The  present  volume  is  the  eighth  in  a 
series  of  reports  prepared  by  the  Committee  which  would, 
in  the  normal  procedure,  have  been  published  in  mimeo- 
graphed form  and  distributed  to  several  hundred  interested 
individuals  and  agencies.  However,  the  sponsoring  organiza- 
tions, IRE  and  RTMA,  believing  its  content  to  be  such  as  to 
warrant  the  widest  possible  distribution,  have  decided  to 
underwrite  its  publication  in  book  form. 

According  to  the  JTAC  charter,  its  members  are  "chosen 
on  the  basis  of  professional  standing,  integrity  and  compe- 
tence to  deal  with  the  problems  to  be  considered."  They  are 
chosen  from  among  qualified  engineers,  irrespective  of  the 
organizations  with  which  they  are  associated,  and  they  op- 
erate in  a  spirit  of  complete  objectivity,  without  instruction 
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from  any  person  or  organization.  The  roster  of  men  who  now 
serve,  or  have  served,  on  the  Committee  is  Ralph  Bown,  Mel- 
ville Eastham,  Donald  G.  Fink,  Thomas  T.  Goldsmith,  Jr., 
John  V.  L.  Hogan,  Ewell  K.  Jett,  Ira  J.  Kaar,  Arthur  V. 
Loughren,  Haraden  Pratt,  Philip  L.  Siling,  and  David  B. 
Smith.  Publication  of  this  book  was  approved  unanimously 
by  these  men,  except  Eastham,  Jett,  and  Pratt,  who  were  not 
members  at  the  time  the  report  was  completed. 

The  actual  preparation  of  the  report  was  entrusted  to  a 
subcommittee  of  3  JTAC  members,  5  consultants,  and  17 
other  contributors,  whose  names  are  listed  in  the  Introduction 
of  the  report.  The  undersigned,  in  behalf  of  the  organizations 
they  represent,  wish  to  express  their  deep  appreciation  of 
the  effort  expended  by  the  members  of  the  Committee  and 
their  colleagues. 

W.  R.  G.  Baker 

DIRECTOR,   ENGINEERING  DEPARTMENT, 
RADIO-TELEVISION   MANUFACTURERS   ASSOCIATION 

Donald  B.  Sinclair 

PRESIDENT,   THE   INSTITUTE   OF  RADIO   ENGINEERS 

New  York,  N.  Y. 
May,  1952 
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INTRODUCTION 


This  report  has  been  prepared  in  fulfillment  of  one  of  the 
primary  objectives  underlying  the  formation  of  the  Joint 
Technical  Advisory  Committee:  to  analyze  and  evaluate  the 
current  uses  of  the  radio  spectrum  and  to  formulate  con- 
structive suggestions  for  the  future.  All  those  concerned  with 
radio  engineering  are  aware  of  the  congestion  of  the  spectrum; 
those  concerned  with  particular  branches  of  the  art  know 
well  the  consistent  shortage  of  channels  that  has  plagued 
every  form  of  radio,  old  as  well  as  new,  during  the  past  quar- 
ter century. 

The  prospect  of  relief  from  this  situation  seems  dim,  in 
view  of  the  ever-increasing  use  of  established  radio  services 
and  the  regular  development  of  new  services  whose  values 
are  such  as  to  require  admission  to  the  spectrum.  If  radio 
science  is  to  fulfill  its  destiny,  if  it  is  to  meet  the  demands 
which  the  people  of  the  world  levy  upon  it,  advantage  must 
be  taken  of  our  great  store  of  technical  knowledge.  In  the 
public  interest,  the  mistakes  of  the  past  must  be  recognized 
and  corrected  as  rapidly  as  the  administrative  procedures  now 
available  will  permit,  and  a  sound  doctrine  for  dealing  with 
current  and  future  problems  must  be  devised  and  adminis- 
tered with  courage  and  wisdom. 

Commissioner  George  Sterling  of  the  United  States  Fed- 
eral Communications  Commission  has  stated  the  need  clearly 
in  these  terms:  *•*  "If  we  could  devise  a  mechanism  for  tak- 

*  Numbered  references  appear  under  appropriate  headings  in  the 
Bibliography. 
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ing  a  long-range  view  of  the  radio  spectrum  ...  in  an  atmos- 
phere which  gave  full  weight  to  the  fact  that  the  intensive 
use  of  radio  as  it  exists  today  in  1951  is  based  upon  only  a 
half  century  of  piecemeal  development,  I  feel  frankly  confi- 
dent that  we  could  render 'a  real  service  to  those  who  will 
follow  us  in  the  next  hundred  years.  The  need  for  considera- 
tion to  be  given  to  this  matter  is  apparent.  It  seems  to  me  that 
all  that  remains  is  for  us  to  find  a  way  to  give  the  matter  the 
serious  attention  it  deserves  and  to  breathe  life  into  it." 

At  its  meeting  on  January  9,  1951,  the  members  of  the 
JTAC  voted  unanimously  to  undertake  the  preparation  of 
this  report  and  appointed  a  subcommittee  to  compile  it.  The 
subcommittee  called  upon  a  number  of  recognized  authorities 
for  information  and  assistance. 

This  report  was  prepared  for  the  JTAC  by  a  JTAC  sub- 
committee consisting  of  Donald  G.  Fink,  Chairman,  Haraden 
Pratt,  and  Philip  F.  Siling,  assisted  by  Dr.  J.  Howard  Del- 
linger,  Arthur  F.  Van  Dyck,  Trevor  H.  Clark,  G.  C.  South- 
worth,  and  J.  P.  Veatch  acting  as  consultants  to  the  JTAC. 
Chapter  2,  on  propagation  phenomena,  was  compiled  by: 
Dr.  J.  Howard  Dellinger,  Sec.  2.1;  Mrs.  M.  L.  Phillips,  Sec. 
2.2;  W.  S.  Duttera,  Sec.  2.3;  T.  N.  Gautier,  Sec.  2.4;  Dr.  C.  R. 
Burrows,  Sec.  2.5;  and  Dr.  G.  C.  Southworth,  Sec  2.6.  Con- 
tributions to  the  other  parts  of  the  report  were  supplied  by 
Austin  Bailey,  T.  L.  Bartlett,  I.  F.  Byrnes,  A.  J.  Costigan, 
Harry  Edwards,  A.  N.  Goldsmith,  R.  F.  Guy,  John  Huntoon, 
C.  B.  Jolliffe,  J.  H.  Muller,  D.  E.  Noble,  F.  M.  Ryan,  and 
Julius  Weinberger. 

The  report  is  divided  into  five  chapters  and  a  Bibliography. 
The  first  is  a  historical  survey  which  reviews  the  develop- 
ment of  the  radio  spectrum  from  the  first  regular  use  of  wire- 
less telegraphy  in  1898  to  the  present  and  outlines  the 
activities  of  the  international  conferences  which  devised  the 
present  allocations.  Chapter  2  consists  of  six  sections  which 
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summarize  the  present  state  of  knowledge  of  radio-wave 
propagation,  in  the  regions  10  to  200  kc,  200  to  2,000  kc,  2  to 
30  me,  30  to  3,000  me,  and  3,000  to  300,000  me. 

Chapter  3  presents  an  ideal  allocation  table,  based  on  a 
rational  appraisal  of  the  needs  of  the  various  services  and 
the  propagation  characteristics  described  in  Chap.  2.  To  ar- 
rive at  this  ideal  proposal,  assumptions  are  made  which,  if 
not  justified  in  the  light  of  current  events,  are  nevertheless 
essential  in  considering  an  adequate  long-range  view.  It  is 
assumed  that  the  world  is  at  peace  and  that  all  the  knowledge 
and  experience  we  now  possess  are  available  to  begin  a  new 
technically  valid  allocation  without  consideration  of  pres- 
ently existing  economic  or  political  involvements. 

Chapter  4  considers  the  actual  allocation  table  of  the 
present  day,  following  the  frequency  divisions  laid  down  in 
Chap.  2.  This  part  of  the  report  serves  as  a  critique  of  present 
allocations  in  view  of  present  knowledge,  current  trends,  and 
present  and  prospective  needs. 

Chapter  5,  entitled  Dynamic  Conservation  of  Spectrum 
Resources,  contains  specific  suggestions  for  bringing  the 
actual  allocation  more  nearly  in  line  with  the  ideal,  includ- 
ing a  doctrine  of  conservation  sufficiently  flexible  to  deal 
with  future  developments.  Perforce,  this  part  of  the  report 
deals  with  economic  and  political  factors,  as  well  as  purely 
technical  matters. 

Following  Chap.  5  is  a  comprehensive  bibliography,  in- 
cluding general  references  as  well  as  specific  items  referred 
to  elsewhere  in  the  report. 
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SPECTRUM   NOMENCLATURE 

Frequency  Range  Designation 

Below  30  kc  Very  low  frequency  (VLF) 

30-300  kc  Low  frequency  (LF) 

300-3,000  kc  Medium  frequency  (MF) 

3-30  me  High  frequency  (HF) 

30-300  me  Very  high  frequency  (VHF) 

300-3,000  me  Ultra  high  frequency  (UHF) 

3,000-30,000  me  Super  high  frequency  (SHF) 

30,000-300,000  me  Extremely  high  frequency  (EHF) 


Chapter  1 

HISTORY    OF    THE    ALLOCATION 
OF    THE  RADIO    SPECTRUM 


1.1    THE  PERIOD  1896-1906.  FIRST  AND  SECOND  IN- 
TERNATIONAL RADIOTELEGRAPH   CONFERENCES 


The  first  practical  use  of  radio  communication  (wireless) 
was  between  ships  and  shore,  following  Marconi's  first  patent 
on  wireless  telegraphy  in  1896  and  the  demonstration  of  his 
development  to  officials  of  the  British  Post  Office  in  that  year. 
The  initial  application  for  regular  communication  service 
came  in  1898,  when  lifeboats  were  sent  to  aid  in  a  marine 
disaster  off  the  coast  of  England  which  had  been  reported  by 
wireless  telegraphy. 

This  new  method  of  communication  had  become  suffi- 
ciently important  to  the  maritime  service  by  1902  to  stimu- 
late the  seeking  of  an  international  understanding  in  order 
to  facilitate  the  establishment  of  orderly  operating  procedure. 
In  that  year  Prince  Henry  of  Prussia  attempted  to  send 
President  Theodore  Roosevelt  a  courtesy  message  while 
crossing  the  Atlantic  after  a  visit  to  the  United  States  (the 
ship  at  the  time  was  out  of  range  of  United  States  stations 
but  within  range  of  an  English  station).  He  was  refused 
service  because  the  Marconi  Company  which  operated  the 
station  would  not  deal  with  a  ship  station  of  its  German 
competitor.  The  German  Emperor,  when  informed  of  this, 
enlisted  the  aid  of  President  Roosevelt  in  bringing  about  an 
international  conference. 
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The  conference  was  held  in  Berlin  in  1903  to  establish  an 
arrangement  which  would  prohibit  shore  radio  stations  from 
refusing  messages  from  ships  at  sea.  The  final  protocol, 
signed  on  August  13  by  Great  Britain,  Austria-Hungary, 
France,  Germany,  Italy,  Spain,  Russia,  and  the  United  States, 
required  that  communication  service  with  ships  be  provided 
regardless  of  the  system  used,  and  it  specified  certain  operat- 
ing rules  and  tariffs.  Reservations  were  taken  by  Great 
Britain  and  Italy,  which  were  the  countries  where  Marconi 
was  exploiting  his  system.  The  inability  to  agree  upon  a  con- 
vention was  attributed  to  opposition  by  his  interests. 

Another  conference  embracing  a  large  number  of  coun- 
tries met  in  Berlin  in  1906.  This  meeting  resulted  in  a  conven- 
tion and  annexed  regulations  which  went  into  force  in  1908 
except  as  to  the  United  States,  which  did  not  ratify  until 
1912.  This  convention  dealt  only  with  the  ship-to-shore 
service;  it  included  provisions  which  had  been  prepared  by 
the  1903  conference  and,  in  addition,  adopted  rules  relating 
to  the  radio  frequencies  to  be  used  to  permit  two  stations  to 
establish  communication  with  each  other  quickly.  Three 
hundred  meters  (1,000  kc)  and  600  meters  (500  kc)  were 
designated  as  common  calling  wavelengths.  Designation  of 
the  latter  frequency  has  survived  to  the  present  day,  and  it 
is  still  the  most  important  calling  frequency  in  this  service. 

The  earliest  equipment  employed  an  antenna  which  was 
shock-excited  into  oscillation  by  a  spark  apparatus,  thereby 
generating  a  radio-frequency  current  whose  value  was  deter- 
mined by  the  resonant  frequency  of  this  antenna  system. 
Subsequent  developments  produced  equipments  which  used 
a  shock-excited  local-resonating  circuit  coupled  to  the  an- 
tenna. However,  the  state  of  the  art  for  many  years  did  not 
permit  much  divergence  between  the  resonant  frequency  of 
the  antenna  and  the  frequency  of  operation.  For  these  rea- 
sons the  frequencies  designated  by  the  Berlin  convention 
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were  primarily  determined  by  the  dimensions  and  configura- 
tion of  the  supporting  antenna  masts  available  on  ships.  In 
those  days  knowledge  of  propagation  characteristics  and 
signal-to-noise  ratio  data  were  rudimentary,  bands  of  emis- 
sion were  wide,  and  the  selectivity  of  the  receivers  was  poor. 


1.2    THE  PERIOD  1907-1917.  THIRD  INTERNATIONAL 
RADIOTELEGRAPH  CONFERENCE 


Point-to-point  communications  developed  next.  At  first,  the 
same  methods  and  frequency  band  were  used  as  had  become 
established  for  the  ship-to-shore  service.  Long-distance  point- 
to-point  service  first  started  about  1907.  Antennas  of  larger 
dimensions  were  built  to  develop  greater  radiation  effective- 
ness, and  it  was  discovered  that  the  resulting  longer  waves 
(lower  frequencies)  propagated  over  longer  distances.  The 
advent  of  continuous  (undamped)  waves  subsequent  to 
1910  greatly  stimulated  the  development  of  radio-communi- 
cation systems  and  the  accumulation  of  knowledge  by  mak- 
ing possible  narrow-band  emissions.  This  was  followed  by 
improved  selectivity  of  reception,  using  the  heterodyne 
principle  with  vacuum-tube  receivers. 

By  1917,  sufficient  reasonably  precise  propagation  knowl- 
edge, within  the  then-developed  band  between  about  20  to 
1,500  kc,  was  on  hand  to  enable  the  point-to-point  services 
to  organize  their  usage  of  frequencies  in  the  interest  of  effi- 
cient propagation.  Because  the  growth  of  such  services  did 
not  then  create  troublesome  interference  and  the  ability  of 
stations  to  contact  each  other  universally  was  not  then  re- 
quired, no  need  arose  for  general  international  understand- 
ings. 
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The  ability  of  known  transmitting  systems  to  generate 
power  was  found  to  drop  sharply  at  the  higher  frequencies. 
This  fact,  combined  with  the  effects  of  absorption  in  the 
transmission  medium,  became  very  apparent  near  the  1,500- 
kc  region  and  fixed  the  upper  boundary  of  the  developed  part 
of  the  spectrum  in  the  neighborhood  of  1,500  kc.  In  fact, 
because  frequencies  above  1,500  kc  were  considered  of  little 
usefulness,  amateur  experimenters  in  the  United  States  were 
required  by  law  in  1912  to  confine  their  operations  to  that 
region  so  that  they  would  not  occupy  space  in  the  already 
somewhat  crowded  usable  spectrum. 

The  ship-to-shore  service  became  so  important  in  guarding 
safety  of  life  at  sea  (as  evidenced  by  the  "Republic"  and 
"Titanic"  marine  disasters)  that  the  International  Radio- 
telegraph Conference  was  called  in  London  in  1912  to  draft 
pertinent  international  regulations.  These  included  provisions 
dealing  with  frequency  utilization  and  led  to  a  convention 
and  regulations  adhered  to  by  the  United  States  and  many 
other  nations  but  limited  to  the  maritime  mobile  service. 
These  regulations  continued  the  basic  concepts  adopted  at 
Berlin  in  1906,  not  only  because  of  the  widespread  estab- 
lished service  using  the  frequencies  agreed  on  at  Berlin  but 
also  because  the  usable  frequency  band  was  still  determined 
by  the  physical  dimensions  of  ships.  However,  the  frequency 
of  300  meters  (1,000  kc)  was  given  much  less  emphasis  than 
that  of  600  meters  (500  kc).  The  former  frequency  had, 
from  a  practical  standpoint,  fallen  into  disuse. 

The  end  of  the  decade  saw  the  start  of  a  ship-to-shore 
service  for  very  long  distances  in  the  band  120  to  160  kc. 
This  grew  out  of  experience  with  point-to-point  service  using 
continuous  waves  and  the  efficiency  of  ship-to-shore  service 
gained  through  freedom  from  interferences  due  to  the  im- 
proved selectivity  of  receivers  using  such  waves. 
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1.3  THE  PERIOD  1918-1927.  THE  FIRST  UNITED 
STATES  CONFERENCES  AND  THE  FOURTH  INTER- 
NATIONAL RADIOTELEGRAPH  CONFERENCE 


The  development  of  the  vacuum  tube  and  improved  circuit 
arrangements  not  only  led  to  transmitters  and  receivers 
capable  of  functioning  at  frequencies  above  those  used  pre- 
viously but  also  made  possible  communication  of  voice  and 
music  through  the  process  of  modulation.  These  develop- 
ments and  the  resulting  radio-communication  facilities  were 
greatly  advanced  during  the  period  of  World  War  I  and  led 
to  the  Inter-Allied  Radio  Conference  in  August,  1919.  This 
was  the  first  occasion  to  consider  the  needs  of  services  other 
than  maritime  mobile.  While  its  protocol  and  annexes  never 
came  into  force,  they  did  provide  assistance  in  the  prepara- 
tory work  for  the  next  international  conference. 

Up  to  this  time  the  use  of  frequency  bands  had  developed 
on  the  basis  of  the  exclusivity  principle.  The  ship-to-shore 
service  came  first,  and  as  the  fixed  services  grew  subse- 
quently, they  found  other  frequency  bands.  The  1919  con- 
ference recommended  that  the  allocation  of  frequencies  to 
radio  services  be  discarded  as  a  principle  and  that  frequen- 
cies be  allocated  to  countries.  It  is  of  interest  that  this  pro- 
posal was  dismissed  and  has  never  been  made  again.  This 
conference  defined  a  single  wavelength  as  a  band  1  per  cent 
wide  and  established  a  "right  of  way  in  the  ether5'  consisting 
of  one  or  more  single  wavelengths.  On  its  assigned  wave- 
lengths a  country  would  have  a  firm  right  of  use,  including 
freedom  from  interference  by  other  stations  anywhere  in 
the  world. 

The  era  of  radio  broadcasting  began  in  1922,  followed  by 
the  rapid  development  of  long-distance  world-wide  com- 
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munications  exploiting  the  band  2  to  25  me.  It  had  been  dis- 
covered that  sky-wave  propagation  existed  in  this  region, 
enabling  signals  on  these  frequencies  to  travel  long  distances 
without  encountering  high  levels  of  atmospheric  noise. 

The  new  broadcast  service  was  not  free  to  select  frequen- 
cies that  then  seemed  best  suited  for  it,  because  these  (300 
to  550  kc)  had  already  been  preempted  by  the  24-year-old 
ship-to-shore  service.  Without  the  benefit  of  any  carefully 
considered  long-range  planning,  the  new  industry  became 
established  in  what  seemed  the  next  best  area,  the  band 
roughly  550  to  1500  kc.  This  selection  was  dictated  partly  by 
expediency,  as  technical  difficulties  and  costs  were  less  in 
this  region  than  at  frequencies  below  the  ship-to-shore 
service. 

The  first  serious  conflict  between  services  resulted  from 
the  pressure  to  secure  frequency  accommodations  for  broad- 
casting stations  bordering  on  the  upper  edge  of  the  ship 
band,  where  better  transmission  ranges  were  possible, 
whereas  ships,  due  to  the  capital  investment  in  the  great 
number  of  installations,  could  not  readily  be  moved  to  lower 
frequencies.  In  any  event,  such  a  move  at  that  time  would 
have  involved  loss  of  transmission  efficiency  because  of  the 
inflexibility  of  antenna  dimensions. 

The  rapidly  growing  new  services  soon  created  chaotic 
radio-interference  conditions.  The  United  States  found  it 
necessary,  after  holding  four  governmentally  sponsored  do- 
mestic conferences  ( 1922-1925),  to  provide  first  for  licensing 
and  later  for  regulation  of  radio-frequency  usage  by  law, 
creating  the  Federal  Radio  Commission  in  1927.  The  prob- 
lems arising  from  the  growth  of  the  ship-to-shore  service, 
particularly  in  the  new  and  growing  LF  band,  led  to  an  in- 
formal regional  understanding  between  agencies  operating 
maritime  mobile  services  called  the  North  Atlantic  Agree- 
ment (about  1927).  Contemporaneous  international  growth 
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generated  frequency-allocation  problems  that  precipitated 
the  holding  of  the  International  Radiotelegraph  Conference 
of  Washington  in  October,  1927. 

This  conference  was  limited  in  basic  planning  not  only  by 
the  ship-to-shore  and  broadcasting  services  already  estab- 
lished but  by  the  new  ship  services  in  the  HF  range  that  had 
already  accommodated  themselves  in  harmonically  related 
bands  near  4,  8,  12,  and  16  me  and  at  about  22  me  and  by  the 
existence  of  many  fixed  service  stations.  This  situation  pre- 
vented the  adoption  of  idealized  allocations,  and  the  sought- 
for  principle  of  exclusive  bands  for  each  of  the  various 
services  could  not  be  fully  applied.  The  future  needs  for  fre- 
quency space  to  accommodate  aviation  and  international 
communication  were  not  adequately  foreseen.  The  status  of 
equipment  development  made  it  virtually  impossible  to  ex- 
ploit the  region  above  25  to  30  me,  and  such  data  on  propa- 
gation characteristics  as  were  then  available  led  to  the  con- 
clusion that  the  useful  upper  spectrum  limit  for  long-distance 
use  was  about  23  to  25  me. 


1.4    THE  PERIOD   1928-1938.  FIFTH  AND  SIXTH 
INTERNATIONAL  CONFERENCES 


A  period  of  rapid  growth  of  all  existing  services,  both  in 
extent  and  in  technical  perfection,  the  development  of  new 
services,  and  the  opening  up  of  new  frequency  bands  in  the 
region  above  30  me  then  followed.  Navigational  aids,  aero- 
nautical communications,  land  mobile,  television,  and  FM 
broadcasting  services  came  into  being  or  were  under  devel- 
opment. Spark-  and  arc-transmission  methods  became  obso- 
lete. 
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Four  meetings  of  the  International  Radio  Consultative 
Committee  (CCIR)  to  advance  world- wide  technical  co- 
ordination were  held  during  the  period.  New  international 
agreements  were  made,  resulting  from  telecommunication 
conferences  held  in  Madrid  in  1932  and  in  Cairo  in  1938. 
These  did  not  depart  materially,  except  for  upward  extension, 
from  the  allocation  provisions  adopted  at  Washington  in 
1927. 

The  development  of  the  region  above  30  me  proceeded 
with  an  inadequate  knowledge  of  propagation  characteristics. 
Because  equipment  development  at  any  given  time  imposed 
a  practical  upper  useful  frequency  limit,  services  were  forced 
to  employ  frequencies  for  which  usable  equipment  could  be 
made.  During  this  early  growth  in  these  upper  bands,  the 
relative  importances  of  various  types  of  service  could  not  be 
wholly  foreseen  and  priority  factors  for  them  could  not  be 
established  on  a  long-term  basis. 

The  Cairo  Conference  for  the  first  time  recognized  the 
communication  needs  for  aviation  along  international  routes 
and  made  allocations  in  the  band  4  to  25  me.  Some  general 
allocations  above  30  me  were  also  blocked  out. 

In  the  United  States  the  Federal  Radio  Commission  was 
superseded  by  the  Federal  Communications  Commission 
( FCC ) ,  which  was  given  enlarged  regulation  powers  by  the 
Communications  Act  of  1934. 


1.5    THE  PERIOD  1939-1947.  SEVENTH 
INTERNATIONAL  CONFERENCE 


Great  technical  advancements  occurred  during  the  ensuing 
years,  spurred  by  the  needs  of  World  War  II  and  by  the 
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commercial  and  industrial  applications  engendered  by  the 
tremendous  developmental  effort  of  the  war.  The  emphasis 
was  on  navigational  aids,  the  newly  developed  fields  of  radio 
location  or  radar,  and  the  proximity  fuse  and  other  uses  of 
frequencies  up  to  10,000  me. 

Large  demands  for  radio  frequencies  in  the  HF  band  (4 
to  27  me)  for  aviation  and  broadcasting  appeared  during 
this  period.  High-frequency  broadcasting  was  not  limited  to 
long-distance  services  but  was  also  used  for  low-power  local 
broadcasting  in  tropical  regions,  theoretically  to  overcome 
the  high-level  noise  conditions  prevalent  in  those  areas  on 
the  lower-frequency  bands.  The  resulting  overcrowding  of 
the  HF  broadcasting  bands  forced  many  countries  to  operate 
broadcasting  stations  outside  the  allocated  bands.  This  use 
of  high  frequencies  created  interference  problems  at  great 
distances,  because  of  sky-wave  propagation. 

To  use  the  high  frequencies  effectively,  it  became  impera- 
tive to  have  day-to-day  knowledge  of  radio  propagation  con- 
ditions. For  this  purpose  the  Inter-Services  Ionosphere  Bu- 
reau was  established  in  England  in  1938  and  the  Interservice 
Radio  Propagation  Laboratory  in  the  United  States  in  1939. 
Extensive  research  was  undertaken  on  propagation  at  fre- 
quencies in  these  and  higher  bands. 

Recognizing  the  increased  demands  for  frequency  use  for 
all  purposes  which  would  follow  the  conclusion  of  the  war, 
the  chairman  of  the  FCC  of  the  United  States  in  1943  sug- 
gested that  American  industry  form  an  organization  to  study 
requirements,  formulate  standards,  and  make  recommenda- 
tions. The  resulting  Radio  Technical  Planning  Board,  con- 
sisting of  13  panels  representing  all  service  aspects,  made 
comprehensive  studies  which  were  helpful  in  determining 
new  frequency  allocations  promulgated  by  the  Commission 
after  the  war,  dealing  primarily  with  the  bands  above  30 
me.  These  allocations,  like  those  which  preceded  them,  had 
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to  be  made  without  the  benefit  of  much  truly  scientific 
planning. 

New  uses  of  VHP  and  UHF  became  established  imme- 
diately upon  the  advent  of  technical  means  to  generate, 
radiate,  and  receive  frequencies  of  a  higher  and  higher 
order.  World  War  II  accelerated  this  process.  Thus  many 
services  became  established  at  a  time  when  it  was  not  known 
whether  the  particular  frequency  band  adopted  was  best 
suited  for  the  service,  and  the  large  investments  in  facilities 
which  followed  made  it  difficult  to  consider  reassignments 
on  a  more  efficient  basis.  Furthermore,  the  importance  of  a 
new  service  could  not  be  accurately  predicted,  and  therefore 
its  share  of  spectrum  space  had  to  be  estimated  in  rough 
terms. 

Several  shifts  were  made  between  1935  and  1946,  at  much 
inconvenience  to  the  services  affected.  But,  for  example, 
when  the  time  came  to  allocate  bands  for  television  service 
in  the  United  States,  beyond  those  which  originally  had  been 
set  out  prior  to  the  war,  it  was  found  impossible  to  provide 
for  all  the  requirements  in  one  continuous  band  located 
where  the  best  radio-propagation  conditions  for  television 
exist  because  of  the  already  established  wide  uses  by  other 
important  services,  such  as  vehicular  services  and  aids  to  air 
navigation. 

To  cope  with  the  many  expanding  services,  the  general 
war-occasioned  international  disorder  in  the  recording  of 
radio-frequency  assignments,  and  the  need  for  agreements 
concerning  newly  developed  areas  in  the  spectrum  above 
30  me,  an  International  Telecommunications  Conference 
was  convened  in  1947  at  Atlantic  City.  The  resulting  agree- 
ment contained  no  fundamental  alteration  in  previous  allo- 
cations but  made  provision  for  additional  exclusive  frequency 
bands  for  aviation  and  international  broadcasting.  There  also 
resulted  a  further  blocking  out  of  VHF  by  services,  largely 
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patterned  after  the  scheme  adopted  by  the  United  States  for 
internal  use. 

A  large  part  of  this  new  allocation  was  to  go  into  effect  at 
such  time  as  detailed  utilization  plans  for  the  services  could 
be  established  through  further  international  collaboration. 
More  orderly  international  administration  of  radio-frequency 
assignments  was  provided  for  by  the  creation  of  an  Inter- 
national Frequency  Registration  Board.  To  give  this  Board 
a  point  of  departure,  the  Provisional  Frequency  Board  was 
appointed  as  a  temporary  body  to  prepare  a  master  list  of 
frequency  assignments  engineered  to  adequate  technical 
standards.  An  Extraordinary  Administrative  Radio  Confer- 
ence was  to  make  final  the  recommendations  of  the  latter 
Board  and  establish  the  date  when  the  Atlantic  City  fre- 
quency allocations  would  become  effective. 


1.6    THE  PERIOD  1948-1951 


In  an  effort  to  implement  the  Atlantic  City  frequency-allo- 
cation plan,  many  international  meetings  were  held.  The 
Provisional  Frequency  Board  was  in  session  for  over  two 
years,  commencing  in  1948,  but  failed  to  produce  a  workable 
frequency-assignment  list.  The  countries  of  the  world  gen- 
erally submitted  requirements,  including  needs  for  the  future, 
in  excess  of  the  capacity  of  the  pertinent  parts  of  the  fre- 
quency spectrum  to  accommodate  them. 

Two  conferences  were  held  in  1949  and  1950  to  prepare  a 
plan  for  frequency  assignments  for  HF  broadcasting  stations. 
These  conferences  also  failed  to  agree  on  workable  arrange- 
ments. An  International  Administrative  Aeronautical  Radio 
Conference  met  in  1948  and  1949  and  adopted  a  plan  for 


16  RADIO    SPECTRUM    CONSERVATION 

aviation  which,  however,  cannot  be  made  effective  unless 
international  agreement  can  be  reached  on  a  solution  of  the 
assignment  problem  for  stations  of  other  services  in  bands 
which  aviation  is  to  occupy. 

Meanwhile  disturbed  world  conditions  initiated  by  the 
war  in  Korea  followed  by  the  mobilization  activities  of  many 
important  countries  have  intervened,  imposing  practical  re- 
strictions on  effective  international  collaboration  in  telecom- 
munications. Furthermore,  because  of  an  unprecedented 
growth  of  some  services,  particularly  international  broadcast- 
ing with  its  psychological  warfare  aspects,  many  countries  of 
the  world  have  found  it  expedient  to  derogate  the  inter- 
national agreements  already  in  effect  and  have  assigned  sta- 
tions to  frequencies  outside  the  internationally  allocated 
bands.  The  Extraordinary  Administrative  Radio  Conference 
which  began  its  meetings  in  Geneva  in  August,  1951,  was  not 
able  to  carry  out  its  originally  contemplated  mission  of  ap- 
proving a  new  complete  master  list  of  frequency  assignments 
and  found  its  definitive  activities  limited  to  such  agreements 
as  could  be  reached  for  promoting  orderly  procedures  appli- 
cable to  the  period  during  which  disturbed  world  conditions 
may  continue. 

Conferences  of  the  CCIR  were  held  in  1948  and  1951, 
respectively.  They  provided  many  technical  recommendations 
which  will  aid  further  progress  in  frequency-allocation  pro- 
cedures. 

In  the  United  States  under  the  auspices  of  the  FCC,  much 
progress  has  been  made  in  the  allocating  of  frequency  bands 
and  the  assignment  of  frequencies  to  stations  in  the  region 
above  30  me,  particularly  in  the  fields  of  television  and  land 
mobile  services.  Because  of  the  conditions  previously  de- 
scribed, the  decisions  of  the  Commission  have  had  to  be 
tailored  to  meet  established  spectrum  occupancies.  As  be- 
fore, it  again  proved  impossible  to  give  the  new  services  the 
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frequencies  best  suited  for  them  even  for  those  cases  where 
the  characteristics  of  the  applicable  frequencies  and  equip- 
ment technology  are  relatively  well  understood. 


1.7   CONCLUSION 


The  radio-frequency  spectrum  has  become  occupied  with 
useful  services,  almost  always  in  advance  of  adequate  knowl- 
edge of  the  behavior  of  the  radio  frequencies  selected,  com- 
mencing in  1898  with  the  first  service  for  ships  at  sea.  The 
frequencies  adopted  by  the  earliest  services  were  determined 
by  the  limitations  of  the  equipments  and  antennas  then  avail- 
able. Subsequently,  new  services  and  the  expansion  of  those 
already  established  encountered  additional  limitations  by 
reason  of  having  to  avoid  frequency  bands  already  occupied 
and  in  use. 

International  conferences  commencing  in  1903  have  con- 
tributed to  the  orderly  administration  of  the  frequency  spec- 
trum insofar  as  radio  stations  capable  of  producing  interna- 
tional interference  are  concerned,  on  the  basis  of  recognizing 
to  a  major  extent  that  each  service  should  have  exclusive 
frequency  bands.  The  same  factors  that  have  influenced  the 
allocation  of  frequencies  capable  of  causing  intercontinental 
interference  have  affected  allocations  in  the  higher  bands 
above  30  me. 

The  existing  radio-frequency  allocations,  therefore,  have 
come  about  circumstantially  and  represent  a  combination  of 
technical  solutions  with  such  factors  as  the  pressures  of  eco- 
nomic and  political  forces  and  the  heritages  left  by  pioneer- 
ing development.  The  results  are  not  ideal.  However,  more 
technical  information  exists  today  than  at  any  former  time 
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and  the  essential  knowledge  is  accumulating  rapidly.  It 
should  be  possible,  in  making  future  studies  of  spectrum 
allocation,  to  proceed  more  intelligently  than  before.  Proce- 
dures should  be  developed  and  adopted  to  lead  to  a  correc- 
tion of  the  errors  that  circumstances  have  created.  The  re- 
sponsibilities upon  the  world's  regulatory  agencies  in  this 
regard  are  great. 


Chapter  2 

PROPAGATION  CHARACTERISTICS 
OF  THE  RADIO  SPECTRUM 

2.1    GENERAL 

Mode  of  Treatment  of  the  Subject 

Chapter  2  of  this  report  is  not  a  textbook  for  schools,  not  a 
handbook  for  engineers,  not  a  treatise  for  scholars,  not  a  his- 
tory for  posterity.  Likewise  it  is  not  a  treatment  of  the  propa- 
gation basis  for  the  assignment  of  frequencies  to  stations 
within  allocated  bands  of  frequencies,  and  it  thus  differs 
from  the  many  other  writings  on  the  subject.  This  treatment 
is  rather  the  summarizing  of  the  major  facts  of  radio  propa- 
gation which  need  to  be  taken  into  account  by  persons  con- 
cerned with  the  allocation  of  bands  of  radio  frequencies  to 
various  uses. 

In  this  treatment,  words  are  used  with  the  meanings  as 
defined  in  the  IRE  Standards.  The  mks  system  of  units  is 
used  where  not  otherwise  specified. 

Scope  of  Material  to  Be  Compressed  There  are  recurrent 
requests  from  well-meaning  planners  or  users  of  radio  fre- 
quencies that  the  outstanding  facts  of  radio  propagation  be 
summarized  in  a  brief  statement  of,  say,  one  page  or  a  few 
judicious  sentences.  This  is  impossible;  nature  did  not  so 
arrange  the  facts.  That  the  facts  are  complex  is  not  surprising 
when  it  is  considered  that  the  upper-  and  lower-frequency 
limits  of  the  optical  spectrum  have  a  ratio  of  2  to  1  while  the 

19 
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corresponding  ratio  for  the  radio  spectrum  is  over  10,000,000 
to  1. 

Efforts  to  summarize  the  facts  in  such  a  way  as  to  aid  fre- 
quency allocation  have  been  made  from  time  to  time,  and  the 
resultant  compendia  have  grown  in  length  with  the  rapid 
extension  of  knowledge  of  the  facts.  The  basic  fact  of  radio- 
wave  propagation  can  be  compressed  into  a  single  mathe- 
matical formula  on  one  line,  but  this  is  only  a  start  and  of  no 
use  at  all  to  a  frequency  allocator.  A  partial  list  of  the  factors 
which  determine  what  actually  happens  includes  the  dis- 
tance of  transmission,  frequency,  time  of  day,  season,  year, 
meteorological  factors,  location  of  transmission  path  with 
respect  to  land  and  sea  and  auroral  zone,  amount  of  penetra- 
tion into  various  layers  of  the  upper  atmosphere,  conduc- 
tivity and  dielectric  constant  of  the  ground  and  air,  effects 
occurring  on  the  sun  and  stars,  ( we  must  add )  etc. 

The  International  Radio  Conference  at  Madrid  in  1932 
had  a  committee  prepare  a  summary  of  radio  propagation  as 
then  known;  it  was  only  seven  pages  long.1'*  The  Interna- 
tional Radio  Consultative  Committee  at  Bucharest  in  1937 
set  up  a  committee  to  do  the  same  thing;  this  time  it  was  42 
pages  long.2  In  1943,  the  Interservice  Radio  Propagation 
Laboratory  prepared  a  handbook  of  only  part  of  the  subject 
(ionospheric  propagation);  it  was  238  pages  long  and  was 
considered  as  supplemented  by  monthly  data  pamphlets. 
In  1947  to  1950,  efforts  to  compile  the  facts  of  radio  propa- 
gation needed  for  their  purposes  were  made  by  various  inter- 
national radio  meetings  (Atlantic  City  Telecommunications 
Conference,  Mexico  City  and  Florence  Conferences  on  High 
Frequency  Broadcasting,  Provisional  Frequency  Board  in 
Geneva);  the  resulting  compendia  of  radio-propagation  in- 
formation are  in  part  listed  in  Document  116  of  CCIR  study 

*  Numbered  references  appear  under  appropriate  headings  in  the 
Bibliography. 
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group  meeting  in  Washington,  March,  1950;  these  papers 
amount  to  so  many  thousands  of  pages  that  they  constitute  a 
stack  over  3  ft  high. 

The  complex  facts  of  radio  propagation  as  here  summarized 
represent  the  subject  today;  the  knowledge  of  the  facts 
changes  rapidly  as  time  goes  on. 

Treatment  of  Successive  Frequency  Ranges  This  chapter 
endeavors  to  present  its  compressed  treatment  of  the  major 
facts  of  radio  propagation  in  successive  sections  dealing  with 
different  ranges  of  frequencies.  This  should  aid  allocators 
and  users  in  localizing  the  parts  of  the  radio  spectrum  that 
may  be  adaptable  to  their  purposes.  The  differences  of  treat- 
ment in  the  various  chapters  reflect,  in  part,  the  differences 
of  development  of  the  subject  and  of  emphasis  in  use. 

There  are  no  sharp  divisions  in  nature  such  that  one  phe- 
nomenon stops  abruptly  and  another  becomes  predominant 
when  a  certain  frequency  is  reached.  Nevertheless  there  are 
characteristic  differences  in  many  effects  at  different  fre- 
quencies so  that  a  rough  division  into  frequency  bands  is 
useful.  The  particular  frequencies  used  for  the  dividing  lines 
between  sections  were  chosen  on  this  basis.  There  are  over- 
laps of  the  effects  characteristic  of  some  bands  into  other 
bands,  and  these  are  explained  in  the  pertinent  sections. 

The  upper  and  lower  limits,  10  kc  and  300,000  me,  are  the 
approximate  limits  between  which  useful  radio  transmissions 
are  conducted,  now  and  possibly  for  some  time  into  the  fu- 
ture. Even  these  are  not  strict  limits.  They  are  dictated  in 
part  by  the  fact  that  at  frequencies  below  10  kc  it  is  difficult 
to  radiate  enough  power  to  do  useful  radio  work  and,  above 
300,000  me,  it  is  difficult  to  produce  radiated  fields  of  rela- 
tively constant  and  coherent  phase  with  sufficient  power  to 
overcome  the  severe  attenuation  caused  by  rain,  oxygen,  and 
water  vapor. 
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General  Nature  of  Radio  Propagation 

The  electromagnetic  field  produced  at  a  distance  would  be 
simply  calculable  if  the  transmitting  and  receiving  antennas 
were  in  free  space  (i.e.,  away  from  the  earth  and  its  atmos- 
phere). But  the  medium  between  transmitter  and  receiver 
does  in  fact  produce  great  effects  and  variations.  Even  trans- 
mission between  airplanes  at  short  distances  may  differ 
greatly  from  free-space  transmission.  It  is  essential  to  know 
something  about  what  the  medium  is  and  what  effects  or 
phenomena  occur  in  it.  Unfortunately  the  medium  is  con- 
stantly changing  in  those  very  characteristics  which  affect 
radio  propagation.  There  is  no  royal  road  to  knowledge,  and 
even  when  you  have  traversed  the  roads,  royal  or  otherwise, 
you  have  to  work  to  apply  the  knowledge  to  which  they  lead. 
A  frequency  allocation  which  applies  at  one  time  or  place 
may  have  to  be  entirely  different  for  another  time  or  place. 
Nevertheless  the  more  facts  of  propagation  are  heeded, 
the  more  sound  is  the  resultant  frequency  allocation 
and  the  greater  is  the  service  obtained  from  the  radio 
frequencies. 

The  Medium  The  ground  and  the  air  both  affect  the  propa- 
gation of  radio  waves.  Both  introduce  variations  and  depar- 
tures from  the  uniform  attenuation  of  the  wave  intensity  with 
distance  in  free  space.  Because  the  conductivity  and  dielec- 
tric constant  of  the  ground  are  different  from  those  of  Tree 
space,  energy  is  lost  from  that  portion  of  the  wave  which  pro- 
ceeds along  the  ground.  The  energy  loss  increases  rapidly  as 
frequency  is  increased.  Thus  ground-wave  propagation  is 
most  useful  at  the  lower  frequencies.  Despite  the  energy  loss, 
the  ground  may  assist  propagation  by  acting  as  a  reflector 
for  waves  which  come  down  to  it,  e.g.,  after  having  been 
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first  reflected  from  an  upper  layer  of  the  atmosphere.  Ground 
propagation  is  dealt  with  particularly  in  Sees.  2.2  and  2.3, 
and  ground  reflection  in  Sees.  2.4  and  2.5. 

The  air  acts  as  a  propagation  medium,  not  only  near  the 
ground  but  also  far  above  it  because  some  of  the  radiation 
from  an  antenna  is  directed  other  than  horizontally  and  be- 
cause it  is  proceeding  other  than  horizontally  soon  after  it 
leaves  the  antenna  as  a  result  of  the  curvature  of  the  earth. 
In  the  troposphere  (0  to  10  km  above  the  ground),  varia- 
tions in  dielectric  constant  of  the  air,  caused  by  variations  of 
water  vapor  and  temperature,  change  the  direction  (in  the 
vertical  plane)  of  propagation  of  the  waves  and  thus  in- 
crease or  decrease  the  distance  at  which  they  may  be  re- 
ceived. When  the  medium  is  stratified,  these  effects  persist; 
when  it  is  turbulent,  the  propagation  effects  exhibit  anom- 
alies. These  tropospheric  phenomena  are  considered  particu- 
larly in  Sec.  2.5.  Besides  these  effects  of  dielectric-constant 
variation,  at  the  higher  frequencies  water  vapor  and  other 
molecules  interact  with  the  waves  and  aid  or  hinder  propaga- . 
tion;  this  is  dealt  with  in  Sees.  2.5  and  2.6. 

At  the  levels  so  high  that  the  air  is  very  rare,  it  is  electri- 
cally ionized  by  solar  radiation.  Where  a  radio  wave  passes 
through  such  ionized  air,  the  electric  force  of  the  wave  accel- 
erates the  ions  and  electrons,  which  take  on  a  certain  amount 
of  motion  at  the  wave  frequency,  this  accelerated  motion  in 
turn  giving  rise  to  radiation.  There  is  thus  an  interchange  of 
energy  between  the  ionized  air  particles  and  the  radio  wave, 
with  a  net  effect  of  reflection  or  refraction  of  the  waves  down- 
ward, and  the  wave  that  might  otherwise  pass  through  the 
atmosphere  to  outer  space  is  returned  to  earth.  This  is  called 
the  sky  wave  and  is  a  major  factor  in  radio  transmission  to 
great  distances.  It  is  dealt  with  particularly  in  Sec.  2.4,  also 
to  some  extent  in  Sees.  2.2  and  2.3. 

Because  of  their  smaller  mass,  electrons  are  moved  much 
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more  readily  than  ions;  so  it  is  electrons  which  control  the 
behavior  of  the  waves.  The  upper  part  of  the  atmosphere,  in 
which  the  electron  density  is  sufficiently  great  to  reflect  radio 
waves  back  to  earth,  is  called  the  ionosphere.  It  extends 
from  about  50  to  400  km  (30  to  250  miles )  above  the  ground. 
Because  the  ground  wave  is  rapidly  attenuated  at  the  higher 
frequencies  and  may  not  be  useful  beyond  a  few  tens  of 
kilometers,  there  is  often  a  zone  around  the  transmitter  in 
which  no  useful  signal  can  be  received.  It  is  known  as  the  skip 
zone.  The  ionosphere  is  stratified,  and  different  radio  fre- 
quencies are  differently  affected  at  different  levels.  The  more 
important  layers  are  called  the  D,  E,  Fi,  and  ¥2  layers,  respec- 
tively, in  order  of  increasing  height  and  increasing  value  of 
maximum  ionization  density.  As  we  shall  later  see,  the  E,  Fi, 
and  F2  layers  are  primarily  a  region  of  absorption.  Little  is 
known  about  the  structure  and  location  of  the  D  layer  except 
that  its  ionization  density  is  low  and  it  is  located  below  the  E 
layer  between  50  and  90  km.  (See  Sec.  2.4  for  a  more  com- 
plete description  of  the  different  layers.)  The  composition 
and  the  electron  concentration  of  the  several  layers  exhibit 
changes,  some  regular  and  slow,  others  sporadic  and  sudden. 
Besides  the  stratification,  there  are  also  irregular  masses  of 
ionized  particles  in  the  ionosphere  which  introduce  addi- 
tional effects  upon  radio-wave  transmission.  At  times  of 
special  disturbance  or  storminess  of  the  ionosphere  the  ir- 
regularities greatly  increase  and  seriously  interfere  with 
radio  propagation.  The  effects  are  very  different  at  different 
geomagnetic  latitudes. 

The  Basic  Phenomena  of  Radio  Propagation  The  propaga- 
tion of  radio  waves  is  complex  both  because  of  diversity  and 
variability  of  the  medium,  just  explained,  and  because  of  the 
numerous  physical  processes  which  enter  into  propagation. 
These  processes  or  mechanisms  include  wave  refraction, 
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reflection,  diffraction,  absorption,  polarization,  interference, 
and  scattering.  The  intensity,  angle  of  arrival,  and  other  char- 
acteristics of  received  waves  are  further  affected  by  the 
combination  of  waves  propagated  over  multiple  paths  of 
transmission. 

Refraction  is  the  change  of  direction  of  propagation  by  a 
change  of  dielectric  constant  of  the  medium.  The  nature  of 
this  process  in  the  ionosphere  is  explained  above,  and  its 
results  are  treated  in  Sec.  2.4.  In  the  troposphere,  the  diminu- 
tion of  density,  and  hence  of  dielectric  constant,  of  the  air 
with  height  above  the  ground  results  in  a  slight  bending  of 
radio-transmission  paths  downward,  so  that  the  waves  go 
farther  than  they  would  without  this  effect.  Under  steady 
conditions,  this  increases  transmission  distances  to  approxi- 
mately what  they  would  be  if  the  atmosphere  were  uniform 
and  the  earth's  diameter  were  four-thirds  its  actual  diameter. 
Local  variations  in  the  air  produce  far  .greater  effects.  Refrac- 
tion through  water  wapor  and  temperature  gradients  in  the 
troposphere  at  times  greatly  increase  or  decrease  the  distance 
of  transmission.  Further  information  is  given  on  this  in  Sec. 
2.5. 

Reflection  is  change  of  direction  of  propagation  by  a  dis- 
continuity, i.e.,  abrupt  change,  in  the  medium.  Abrupt 
changes  in  conductivity  and  dielectric  constant  are  the  usual 
discontinuities.  Thus  the  earth's  surface  and  sharp  boundaries 
of  layers  in  the  atmosphere  may  be  effective  reflectors.  A 
receiving  antenna  receives  a  combination  of  the  wave  trans- 
mitter through  the  air  and  the  wave  reflected  from  the 
ground.  At  frequencies  above  about  30  me  (e.g.,  in  tele- 
vision )  there  are  effects  also  from  waves  reflected  from  build- 
ings and  trees.  The  reflecting  ability  of  most  discontinuities 
is  a  rather  complicated  function  of  the  frequency,  angle  of 
incidence,  wave  polarization,  conductivity,  and  dielectric 
constant  of  the  reflecting  medium.  Earth  and  water  are  mod- 
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erately  good  reflectors  of  radio  waves.  Reflection  is  discussed 
further  in  Sec.  2.5. 

Diffraction  is  a  redistribution  of  wave  energy  beyond  the 
edges  of  a  region  in  which  the  conductivity  or  dielectric 
constant  changes.  In  optics  this  gives  rise  to  a  slight  bending 
of  light  around  an  opaque  obstacle.  In  radio,  it  serves  to 
bend  waves  over  the  horizon  or  behind  buildings  to  areas 
beyond.  Its  effect  varies  with  frequency;  it  is  more  important 
at  the  LF  end  of  the  radio  spectrum  than  at  the  HF  end.  At 
optical  frequencies  it  is  still  observable  but  not  usually 
obvious. 

The  energy  and  intensity  of  a  wave  diminish  as  it  is  propa- 
gated because  it  spreads  out  over  more  space.  There  is  fur- 
ther diminution  of  received  energy,  or  of  distance  range  for 
a  given  transmitter  power,  because  some  of  the  wave  energy 
is  dissipated  in  the  medium  by  absorption  in  any  substance 
or  object  in  its  path.  The  amount  of  ground  absorption  varies 
with  ground  conductivity;  in  general  it  increases  as  frequency 
is  increased.  Absorption  occurs  in  the  ionosphere  because 
part  of  the  energy  of  the  waves  is  transferred  to  the  electrons 
and  other  charged  particles  in  random  motion  and  thence  to 
additional  charged  particles  and  molecules  with  which  they 
collide.  The  amount  of  absorption  increases  with  the  ioniza- 
tion  of  the  regions  in  which  the  waves  are  reflected  or  through 
which  they  pass.  The  amount  of  ionospheric  absorption 
diminishes  as  frequency  is  increased.  Wave  energy  is  also 
absorbed  by  molecules  of  oxygen  or  water  vapor  in  the  at- 
mosphere; this  effect  increases  with  frequency  and  becomes 
appreciable  only  in  the  frequency  range  dealt  with  in  Sec. 
2.6.  At  those  frequencies  absorption  in  raindrops  may  also 
be  significant,  although  scattering  (see  below)  by  raindrops 
is  more  important. 

The  efficiency  of  propagation  and  reception  of  radio  waves 
is  affected  by  their  polarization.  A  wave  is  horizontally  polar- 
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ized  when  its  electric  field  is  parallel  to  the  earth's  surface 
and  is  vertically  polarized  when  its  electric  field  is  in  a  plane 
perpendicular  thereto.  At  low  frequencies,  with  the  trans- 
mission along  the  ground,  all  waves  are  vertically  polarized 
because  horizontal  components  produce  currents  in  the 
ground  which  rapidly  absorb  the  energy  of  such  components. 
At  higher  frequencies  the  ground  transmission  plays  little  role 
and  the  waves  may  have  any  polarization.  Doublet  antennas 
emit  waves  polarized  in  the  plane  containing  the  antenna 
and  the  direction  of  propagation.  The  direction  of  polariza- 
tion may,  however,  be  altered  in  the  medium  because  of 
effects  occurring  in  it.  Received  intensity  is  at  a  maximum 
when  the  receiving  antenna  is  parallel  to  the  direction  of 
polarization  of  the  received  wave. 

Waves  arriving  at  the  receiver  over  more  than  one  path 
may  exhibit  the  phenomenon  of  interference  as  in  optics. 
This  will  result  in  distances  or  zones  of  greater  and  less  re- 
ceived intensity.  This  occurs  when  elevated  antennas  (e.g., 
mounted  in  aircraft)  are  used  for  the  higher  frequencies, 
because  of  interference  of  the  wave  propagated  directly 
through  space  with  the  wave  reflected  from  the  ground. 
Another  manifestation  of  interference  is  fading  (discussed 
below)  when  caused  by  time  variation  of  the  relative  phase 
of  two  or  more  of  the  waves  arriving  over  different  paths. 

Radio  propagation  is  further  complicated  by  scattering'. 
This  is  the  reflection  of  radio  waves  by  irregular  masses  as 
distinct  from  uniform  layers  or  plane  reflectors  of  any  kind. 
In  propagation  by  way  of  the  ionosphere  ( dealt  with  in  Sec. 
2.4),  scattering  occurs  from  irregular  concentrations  of  elec- 
trons in  the  ionosphere.  Scattering  may  also  be  caused  by 
ground  roughness  and  irregularities  including  stormy  seas, 
particularly  at  the  higher  frequencies.  Scattering  sometimes 
causes  fluctuating,  irregular  received  signals  of  unpredictable 
intensity.  When  the  reflecting  masses  are  numerous,  the  re- 
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ceived  signals  merge  and  the  resultant  is  fairly  stable.  This 
is  true  for  tropospheric  as  well  as  ionospheric  propagation 
and  therefore  applies  throughout  most  of  the  spectrum. 

These  mechanisms  are  described  more  particularly  in  the 
chapters  where  their  effects  are  of  major  importance. 

Special  Complications  of  Radio  Propagation 

The  complexities  of  the  medium  and  of  the  phenomena  which 
have  just  been  mentioned  and  their  characteristic  variations 
with  frequency  determine  in  large  measure  the  utility  of 
various  radio  frequencies  for  various  purposes.  But  even  if 
one  had  full  data  on  these  complexities,  it  would  still  not  be 
possible  to  determine  precisely  the  usability  of  particular 
frequencies. 

A  major  additional  complication  is  the  existence  of  radio 
noise,  which  competes  against  the  wanted  signals  in  the 
radio  receiver  and  which  has  many  complexities  of  its  own. 
Thus  signal-to-noise  ratio  becomes  an  important  quantity  in 
radio  engineering.  When  the  signal  is  powerful  enough  to 
make  the  radio  noise  negligible,  still  another  difficulty  is 
faced:  fluctuation  of  received  signal  strength.  The  fluctuation 
includes  not  only  the  variations  from  hour  to  hour  and  longer 
times,  as  the  properties  of  the  medium  change  from  solar  and 
other  causes,  but  also  the  shorter  time  variations  called  fad- 
ing. When  radio  noise  and  fading  are  both  present,  they  are 
interrelated,  for  the  combating  of  fading  by  automatic  vol- 
ume control  is  less  successful  the  greater  the  radio  noise  in- 
tensity. Radio  noise  and  fading  are  discussed  further  below. 

Modern  theoretical  studies  attempt  to  determine  the 
amount  of  information  receivable  in  the  presence  of  given 
intensities  of  noise.  Such  theories  are  complicated  by  fading. 
Furthermore,  when  propagation  is  complicated  by  multiple 
fading  and  by  effects  which  distort  the  signal  in  the  medium, 
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the  problem  is  not  completely  solvable  by  existing  informa- 
tion theories.  It  should  be  noted,  too,  that  the  existing  data 
on  the  various  vagaries  of  the  medium  are  only  partial  and 
rough,  so  that  existing  statistical  techniques  are  not  suitable. 
It  will  doubtless  be  a  slow  and  difficult  process  to  develop 
genuinely  applicable  techniques.  The  utilization  of  propaga- 
tion knowledge  may  therefore  be  a  somewhat  unscientific 
procedure  for  some  time  to  come. 

Another  complication  (not  a  difficulty)  is  the  employment 
of  directional  antennas.  Their  functioning  is  not  strictly  an 
aspect  of  propagation,  but  the  effectivenes  of  propagation 
over  particular  transmission  paths  and  at  particular  fre- 
quencies is  closely  related  to  the  question  of  the  directivity 
of  the  antennas  used.  A  simple  vertical  wire  or  steel  mast 
used  as  an  antenna  usually  radiates  equally  well  in  all  azi- 
muthal  directions  and  is  said  to  be  omnidirectional.  In  the 
vertical  plane,  the  power  radiated  from  such  an  antenna  is 
usually  a  maximum  in  a  horizontal  direction,  decreasing  pro- 
gressively to  zero  as  the  angle  of  elevation  is  increased  to  90 
deg.  In  general  the  efficiency  of  a  simple  antenna  increases 
as  its  vertical  height  is  increased  while  remaining  small  com- 
pared with  the  wavelength.  At  the  frequencies  of  Sec.  2.3,  it 
is  not  only  economically  feasible  to  build  antennas  that  are 
good  radiators  but  it  is  possible  to  arrange  several  vertical 
antennas  properly  spaced  and  interconnected  so  as  to  en- 
hance radiation  in  certain  preferred  directions  at  the  expense 
of  radiation  in  others.  Under  favorable  conditions,  elemental 
antennas  may  also  be  stacked  one  above  another  to  divert 
power,  that  might  otherwise  go  skyward,  downward  toward 
the  horizon.  Combinations  of  radiating  elements  are  known 
as  antenna  arrays. 

Among  other  advantages  directive  antennas  minimize 
power  required  at  the  transmitter.  The  ratio  of  the  power 
projected  in  the  preferred  direction  by  an  antenna  array, 
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compared  with  that  projected  by  an  omnidirectional  antenna 
operating  under  similar  conditions,  is  known  as  the  directive 
gain.  Gains  of  this  kind  are  available  at  both  the  transmitter 
and  the  receiver.  The  directive  gain  of  most  antennas  is  pro- 
portional to  each  dimension  of  the  antenna  array,  measured 
in  wavelength.  Thus  as  frequency  is  increased,  structures 
of  practicable  dimensions  can  readily  provide  very  large 
gains.  At  the  highest  frequencies  now  used  in  radio,  optical 
devices  such  as  parabolic  mirrors  or  lenses  are  often  used  in 
lieu  of  arrays  of  individual  antennas. 

At  frequencies  around  2,000  kc  (Sec.  2.3)  directive  gains 
at  each  end  of  a  radio  link  ranging  from  2  (3  db)  to  4  (6  db) 
are  feasible.  At  frequencies  of  30  me  (Sec.  2.4)  the  directive 
gain  may  be  100  (20  db)  or  more,  while  at  the  frequencies 
of  3,000  me  (Sec.  2.5)  it  may  be  10,000  (40  db),  and  at 
30,000  me  (Sec.  2.6)  it  may  be  100,000  (50  db).  At  the  lower 
frequencies  used  in  radio,  directivity  cannot  be  relied  upon 
as  a  means  of  avoiding  interference  with  other  stations,  but 
at  the  higher  frequencies  it  is  very  effective  indeed. 

Fading  Radio  propagation  along  the  ground  is  stable  and 
calculable,  but  transmission  through  the  air  is  subject  to 
many  vagaries.  These  vagaries  change  with  time,  with  the 
result  that  received  field  strengths  fluctuate.  Fading  fluctua- 
tions vary  from  very  rapid  (less  than  a  second)  to  very  slow 
(as  much  as  an  hour).  They  are  particularly  rapid  at  the 
higher  frequencies.  Fading  may  be  classified  by  its  causes 
into  five  principal  types:  (1)  interference  fading,  (2)  polari- 
zation fading,  (3)  absorption  fading,  (4)  skip  fading,  (5) 
selective  fading. 

Interference  fading  occurs  when  two  or  more  waves  arrive 
at  a  receiver  over  different  paths  and  the  phase  varies  in  one 
or  more  of  the  paths;  the  phase  variations  may  be  due  to  the 
motion  of  the  reflecting  layer,  body,  or  particle.  When  waves 
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from  a  number  of  air  paths  combine,  the  random  variations 
of  phase  tend  to  smooth  out  and  the  effect  is  a  flutter  of  re- 
ceived signal.  When,  on  the  other  hand,  waves  from  a  single 
air  path  in  which  the  phase  is  fluctuating  are  received  with 
strength  comparable  to  that  of  the  steady  ground-propagated 
wave,  the  fading  is  very  severe;  this  occurs,  for  example,  at 
frequencies  between  1,000  and  2,000  kc  at  distances  of  50 
to  200  miles. 

Polarization  fading  is  the  result  of  fluctuation  of  the  direc- 
tion of  polarization  in  one  or  more  of  the  propagation  paths 
of  waves  arriving  at  a  receiver.  Its  effects  are  most  noticeable 
in  ionospheric  propagation,  treated  in  Sec.  2.4. 

Absorption  fading  is  a  slower  type  and  may  occur  along  a 
single  transmission  path.  It  is  due  to  variations  in  absorption 
somewhere  in  the  path.  The  severe  fade-outs  associated  with 
a  sudden  ionosphere  disturbance  are  an  extreme  case  of 
absorption  fading. 

Skip  fading  is  a  phenomenon  of  ionospheric  propagation; 
it  occurs  at  distances  from  the  transmitter  near  the  skip  dis- 
tance. Fluctuations  of  ionization  density  at  the  place  in  the 
ionosphere  where  the  wave  is  reflected  cause  the  skip  distance 
to  increase  and  decrease.  The  resultant  changes  in  received 
field  strength  may  be  more  than  100  to  1.  This  type  of  fading 
is  most  prevalent  around  sunrise  and  sunset. 

Selective  fading  is  a  result  of  the  quantitative  variation 
with  frequency  of  any  of  the  other  types  of  fading.  The  vari- 
ous frequencies  in  the  side  bands  are  received  with  varying 
amplitudes  or  phases,  and  the  result  is  distortion  of  the  signal. 
Selective  fading  is  especially  noticeable  in  broad-band  com- 
munication such  as  telephony,  where  the  deletion  of  some 
frequency  components  may  greatly  distort  speech. 


Radio  Noise    The  disturbance  to  radio  reception  caused  by 
received  fields  other  than  those  from  radio  stations  is  not,  in 
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strict  logic,  a  part  of  the  subject  of  radio  propagation.  Its 
effects,  however,  are  so  intimately  bound  up  with  the  charac- 
teristics of  radio  reception  determined  by  propagation  that 
both  must  be  considered  in  determination  of  the  utility  of 
particular  bands  of  radio  frequencies. 

Radio  noise  may  be  either  man-made  or  provided  by  na- 
ture. Some  radio  noise  is  escapable,  and  some  is  not. 
Theoretically,  all  man-made  radio  noise  should  be  escapable, 
but  in  fact  some  of  it  remains  with  which  we  must  cope. 
Much  of  the  natural  radio  noise  can  be  escaped  by  selection 
of  frequency  to  be  used.  One  type,  however,  is  an  ultimate 
limitation  on  radio  operations;  this  is  the  inherent  irregular 
type  of  noise  caused  by  electron  motions  in  the  conductors 
or  electron  tubes  existing  in  the  input  circuit  of  receiving 
equipment.  This  type  is  important  above  about  20  me  and  is 
the  major  limitation  on  the  use  of  all  frequencies  above  about 
100  me. 

Some  natural  radio  noise,  such  as  local  thunderstorms  and 
precipitation  noise,  and  most  man-made  types  of  radio  noise 
are  from  sources  which  are  nearby  although  outside  the  re- 
ceiving equipment.  Some  natural  radio  noise,  particularly 
that  due  to  distant  thunderstorms  (called  atmospheric  radio 
noise ) ,  is  propagated  from  a  distance.  At  frequencies  below 
10  me,  the  major  characteristics  of  atmospheric  radio  noise 
are  determined  by  the  facts  of  radio  propagation.  Thus  at- 
mospheric radio  noise  is  at  its  maximum  at  the  lowest  fre- 
quencies. For  certain  times  and  regions,  at  frequencies 
between  2  and  10  me,  it  increases  with  frequency  just  as  the 
intensity  of  all  waves  propagated  via  the  ionosphere  does  for 
those  times  and  regions.  Above  10  me,  atmospheric  radio 
noise  becomes  weak,  falls  to  a  very  low  value  at  20  to  30  me 
( the  limit  being  different  at  different  times,  depending  upon 
the  state  of  the  ionosphere),  and  is  negligible  at  still  higher 
frequencies. 
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At  about  20  me  begin  the  effects  of  extraterrestrial  radio 
noise.  Radio  noise  from  the  stars  is  significant  on  frequencies 
above  about  20  me  but  diminishes  with  increasing  frequency. 
The  sun,  too,  causes  radio  noise  of  two  kinds.  A  sporadic  type 
associated  with  solar  eruptions  may  exceed  in  intensity  the 
noise  from  the  stars  around  100  me,  depending  on  directivity 
and  orientation  of  antennas.  At  higher  frequencies  radio 
noise  of  a  regular  type  from  the  sun  is  appreciable. 

Throughout  much  of  the  spectrum,  man-made  radio  noise 
disturbs  reception.  It  is  caused  at  relatively  short  distances 
by  diathermy  machines  and  other  nonradio  equipment  using 
radio  frequencies  and  by  any  sort  of  electrical  apparatus  in 
which  sparks  occur.  At  considerable  distances  from  the 
sources  of  disturbance  it  is  in  general  of  little  importance 
below  10  me  because  of  the  larger  effects  of  natural  noise. 
Above  that  frequency  the  short-distance  effects  of  automo- 
bile and  airplane  ignition  systems  and  some  other  spark 
sources  of  radiation  have  to  be  taken  into  account.  As  the 
the  frequency  is  increased,  these  effects  again  become  negli- 
gible, partly  because  most  electrical  equipment  produces 
little  effect  at  such  frequencies  and  partly  because  of  the 
greater  radio  noise  produced  in  the  radio  receiver  itself. 

Brief  Summary  of  Usability  of  Particular  Frequency 
Ranges 

Here  are  summarized  briefly  a  few  of  the  main  facts  bearing 
on  the  adaptability  of  the  several  parts  of  the  radio  spectrum 
for  various  services.  All  conclusions  are  oversimplifications. 
The  complexities  of  propagation  preclude,  in  most  cases,  the 
stating  of  clear  and  simple  conclusions.  The  reader  must  con- 
sult the  succeeding  sections  for  more  definite  information  on 
the  distance  ranges,  the  times  of  serviceability,  the  differences 
with  transmission-path  locations,  and  the  limitations  due  to 
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radio  noise,  fading,  multipath  transmission,  and  other  effects. 

The  lowest  radio  frequencies  (10  to  200  kc)  are  character- 
ized by  the  existence  of  a  ground  wave  which  is  propagated  to 
great  distances  and  by  relatively  stable  ionospheric  phenom- 
ena; hence  received  signals  are  relatively  stable  and  free 
from  fading.  On  the  other  hand,  in  this  frequency  range  at- 
mospheric radio  noise  is  stronger  the  lower  the  frequency; 
therefore  great  power  must  be  used  to  override  radio  noise. 
Consequently  the  frequencies  at  the  low  end  of  the  radio 
spectrum  are  suitable  for  commercial  telegraphy  or  telephony 
for  which  the  importance  of  the  business  justifies  the  cost  of 
high-power  transmitters  and  huge  antenna  structures.  The 
low  frequencies  are  relatively  immune  to  ionospheric  dis- 
turbances and  are  therefore  particularly  valuable  as  a  stand- 
by for  long-distance  services  carried  on  in  the  ionospheric 
frequency  range  (Sec.  2.4).  For  similar  reasons  the  low  fre- 
quencies are  also  suitable  for  long-distance  navigation  sys- 
tems. The  use  of  such  systems  by  many  ships  or  aircraft  over 
large  areas  of  the  world  may  be  found  to  justify  the  consid- 
erable cost. 

In  the  portion  of  the  spectrum  between  200  and  2,000  kc 
occurs  the  transition  from  the  predominance  of  ground- wave 
transmission  to  that  of  sky-wave  transmission.  At  the  low  end 
of  this  range  propagation  in  the  daytime  is  by  ground  wave 
and  good,  stable  signals  are  received.  For  transmission  over 
sea  water  this  is  largely  true  even  at  the  high  end  of  this 
range.  Throughout  this  range  night  propagation  is  character- 
ized by  sky-wave  propagation  to  distances  of  hundreds  of 
miles  and  by  serious  fading.  Antennas  are  short  enough  so 
that  direction-finding  services  are  feasible  in  this  range,  al- 
though precautions  against  polarization  changes  are  usually 
necessary.  The  lower  end  of  this  range  has  some  utility  for 
the  same  purposes  as  frequencies  below  200  kc.  The  fre- 
quencies in  this  range  are  useful  for  audio  broadcasting  and 
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mobile  services,  the  day  service  areas,  however,  diminishing 
as  frequency  increases. 

The  frequency  range  from  2  to  30  me  is  the  one  in  which 
propagation  via  the  ionosphere  predominates.  Distance 
ranges  of  thousands  of  miles  are  obtained  with  relatively  low 
transmitter  power.  The  lower  frequencies  of  the  band  are  in 
general  used  for  long-distance  nighttime  service;  the  higher 
for  daytime.  These  frequencies  are  suitable  for  long-distance 
telegraph  and  telephone  communication.  On  account  of  the 
variation  of  usable  frequencies  at  different  times  of  day, 
season,  and  year  of  the  solar  cycle,  it  is  generally  necessary 
for  each  transmission  path  to  have  three  or  four  frequencies 
available.  The  advantage  of  long-distance  transmission  car- 
ries with  it  the  disadvantage  of  long-distance  interference,  so 
frequencies  have  to  be  assigned  with  their  world-wide  effects 
in  mind.  Use  of  these  frequencies  in  polar  regions,  and  also 
at  times  of  ionospheric  disturbance,  is  subject  to  interrup- 
tion. The  utmost  reliability  therefore  requires  the  use  of 
auxiliary  means  of  communication  for  such  areas  and  times. 

Ionospheric  propagation  sometimes  extends  into  the  range 
above  30  me  and  at  certain  times  even  up  to  as  high  as  80 
me.  When  the  sky  wave  does  play  a  part  in  this  frequency 
region,  it  is  more  in  evidence  as  a  source  of  interference  than 
as  a  means  of  reliable  service.  Except  for  the  foregoing, 
propagation  on  30  to  3,000  me  is,  most  of  the  time,  limited  to 
short  distances.  As  frequency  increases,  the  distance  is  pro- 
gressively more  nearly  limited  to  the  line-of-sight  distance. 
At  times,  tropospheric  and  other  irregularities  greatly  in- 
crease or  decrease  the  distance.  It  becomes  progressively 
easier  to  provide  directivity  as  the  frequency  is  raised,  thus 
making  possible  the  use  of  systems  confined  to  a  narrow  path 
in  space.  The  lower  frequencies  of  the  band,  however,  are 
better  for  omnidirectional  transmission  because  the  distance 
range  is  greater  for  a  given  power.  Thus  such  frequencies 
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are  useful  for  ship  and  aircraft  communication  and  for  broad- 
casting. 

The  range  from  3,000  to  300,000  me  is  particularly  useful 
for  services  in  which  high  directivity  may  be  employed.  The 
antennas  are  so  small  and  directivity  so  great  that  relatively 
little  power  is  required.  The  high  directivity  and  extreme 
definition  available  at  these  frequencies  give  radar  some  ad- 
vantageous characteristics  it  does  not  have  at  lower  fre- 
quencies. Point-to-point  communication  and  navigational  aids 
work  very  well.  The  distance  range  of  a  transmitter  is  little 
beyond  the  horizon  distance.  Long-distance  communication 
by  use  of  relays  is  effective  and  economically  feasible  on  fre- 
quencies up  to  about  10,000  me,  beyond  which  a  limitation 
is  introduced  by  heavy  rain.  At  certain  frequencies  (higher 
than  20,000  me )  distance  ranges  are  extremely  short  because 
of  energy  absorption  by  atmospheric  water  vapor  or  oxygen 
molecules. 


2.2    PROPAGATION    CHARACTERISTICS 

OF  THE  SPECTRUM  FROM  10  TO  200  KG 

Description  of  General  Propagation  Characteristics 

Propagation  of  radio  waves  in  the  range  10  to  200  kc  pre- 
sents special  practical  problems  in  addition  to  the  complexities 
already  discussed.  Waves  leaving  the  transmitting  antenna 
may  be  radiated  directly  through  space  to  the  receiving  an- 
tenna or  may  arrive  at  the  receiving  antenna  after  reflection 
by  the  ground  or  ionosphere  or  after  various  successive  ground 
and  ionosphere  reflections.  The  result  of  all  these,  together 
with  any  radio  noise  received  likewise,  activates  the  receiving 
antenna.  At  frequencies  above  the  range  considered  here,  the 
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energy  arriving  at  the  receiving  antenna  by  many  of  these 
modes  of  transmission  is  negligible,  and  the  practical  prob- 
lem is  thus  simplified.  In  addition,  radio  noise  is  generally 
much  greater  at  these  low  frequencies  and  therefore  causes 
more  complication  in  reception. 

Since  transmitting  and  receiving  antennas  are  close  to  the 
ground  in  comparison  with  ionospheric  reflection  heights, 
the  resultant  of  the  directly  transmitted  and  ground-reflected 
waves  is  a  wave  which  generally  is  guided  by  the  ground, 
rapidly  diminishing  in  intensity  with  increasing  height  above 
ground.  The  strength  of  this  ground  wave  diminishes  with 
distance  from  the  transmitter,  depending  upon  the  dielectric 
constant  and  conductivity  of  the  ground.  Practically  meas- 
urable signals  by  means  of  ground  waves  may  be  obtained 
at  transmission  distances  as  great  as  1,500  km  (about  1,000 
miles ) . 

Ionosphere  reflection  at  these  frequencies  occurs  at  com- 
paratively low  heights  ( about  75  km  for  daytime,  95  km  for 
night)  which,  for  the  lower  frequencies  in  this  range,  cor- 
respond to  distances  of  only  a  very  few  wavelengths.  Although 
the  wave  penetrates  into  the  ionized  region,  the  penetration 
is  small  (generally  very  much  less  than  one  wavelength). 
Therefore  it  suffers  little  absorption  and  usually  undergoes 
almost  mirrorlike  reflection  when  it  encounters  the  compara- 
tively weakly  ionized  D  region  or  lower  parts  of  the  E  region 
of  the  ionosphere. 

At  comparatively  short  distances  from  the  transmitting 
antenna,  it  is  possible  to  distinguish  the  ground  wave  and 
the  sky-reflected  wave  from  each  other  in  the  received  signal. 
At  great  distances,  this  may  not  be  possible,  and  the  effect  of 
the  presence  of  many  superimposed  waves,  transmitted  by 
many  modes  of  reflection  between  ionosphere  and  ground,  is 
such  that  these  reflecting  boundaries  (ground  and  iono- 
sphere layer)  serve  as  a  waveguide  for  the  transmitted  signal. 
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Physical  and  Mathematical  Basis  of  VLF  Radio  Propagation 
No  attempt  is  made  here  to  give  a  mathematical  treatment. 
Its  basis  is  briefly  indicated,  and  articles  giving  the  detailed 
solutions  are  referred  to. 

Because  of  the  low  absorption  characterizing  both  ground 
and  ionospheric  reflection  at  VLF,  and  because  diffraction 
phenomena  at  these  frequencies  are  more  pronounced,  the 
application  of  geometrical-optics  methods  to  the  solutions 
of  problems  in  VLF  propagation  is  generally  not  suitable. 
Rigorous  mathematical  solutions  of  the  wave  equations  for 
the  cases  of  practical  interest  are  very  complex. 

When  Marconi  first  transmitted  radio  signals  across  the 
Atlantic,  Lord  Rayleigh  said  that  some  kind  of  diffraction 
theory  was  needed  to  explain  how  the  waves  followed  the 
curvature  of  the  earth,  since  the  plane-wave  transmission 
theory  was  not  sufficient  to  account  for  the  phenomenon.  A 
number  of  years  elapsed,  however,  before  a  satisfactory  solu- 
tion was  developed.  A  good  bibliography  of  the  early  work, 
reported  by  Poincare,  Nicholson,  MacDonald,  Love,  Ryb- 
czynski,  and  others,  is  provided  by  Love.1 

Watson  2>3  extended  the  early  method  of  solution  to  the 
case  of  wave  propagation  between  two  concentric  spherical 
shells  (the  earth  and  a  mirrorlike,  sharply  defined,  iono- 
spheric reflecting  layer),  each  characterized  by  uniform  con- 
stant dielectric  constants  and  conductivities.  His  solution  took 
approximately  the  same  form  as  an  empirical  equation  ob- 
tained by  Austin  and  Cohen  4  from  extensive  observation 
over  long  transmission  distances;  it  is  given  below  under 
Field  Strengths  Received  over  Long  Distances. 

More  recent  work  5"14  takes  account  of  actual  conditions 
affecting  the  propagation  of  the  waves.  These  studies  recog- 
nize that  the  ionospheric  reflecting  layer  is  not  sharply  de- 
fined like  a  mirror,  i.e.,  the  waves  penetrate  somewhat  into 
the  layer,  and  so  the  variation  of  ionization  density  with 
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height  is  taken  into  account.  The  effects  of  the  earth's  mag- 
netic field  are  examined  and  found  to  be  of  importance. 


Methods  of  Estimating  Received  Field  Strength 

Ground  Wave  The  basis  of  calculating  the  field  strength  of 
the  ground  wave  was  begun  by  Sommerfeld  15  with  a  theo- 
retical treatment  of  the  field  produced  by  a  short  vertical 
antenna  at  the  surface  of  a  plane  earth.  This  was  carried 
forward  by  others.16"31  Detailed  computational  procedures, 
with  results  calculated  for  a  wide  variety  of  cases,  are  pro- 
vided by  Norton32'33'34  (a  condensed  survey  of  these  being 
given  by  Terman,35  Burrows  and  Gray,36  and  Bremmer 37 ) . 
For  short  distances,  where  the  assumption  of  a  plane  earth  is 
justifiable,  field  strengths  are  given  by  Burrows.38  Computa- 
tional procedures  for  transmission  paths  over  composite  ter- 
rain ( such  as  paths  partly  over  land  and  partly  over  sea )  have 
been  presented  by  Kirke  39>4°  and  by  Millington  and  Isted.41 
These  computations  of  ground-wave  intensity,  checked  by 
practical  experience,  show: 

1.  There  is  no  pronounced  "shadow"  in  reception  as  dis- 
tance increases  beyond  the  horizon. 

2.  With  decreasing  frequency,  the  logarithm  of  the  re- 
ceived field  strength  tends  to  vary  in  a  negatively  linear 
manner  with  the  logarithm  of  the  transmission  distance,  de- 
parture from  linearity  appearing  with  increasing  distance. 

3.  Better  transmission  is  nearly  always  obtained  over  sea 
water  than  over  land  and  over  soil  of  high  conductivity  rather 
than  soil  of  poor  conductivity.  An  exception  to  this  occurs  at 
extremely  low  frequencies  and  very  long  transmission  dis- 
tances. For  example,  Bremmer  (p.  121  of  ref.  37)  notes  that, 
for  15  kc  and  a  transmission  distance  of  2,000  km,  both  an- 
tennas near  the  earth's  surface,  the  field  strength  over  land 
is  4  per  cent  greater  than  over  sea.  Thus  for  great  distances, 


40  RADIO    SPECTRUM    CONSERVATION 

there  exists  an  optimum  conductivity  a  for  any  frequency  / 
in  kilocycles,  given  by 

a  -  1.675f /3  X  HT16  emu 

4.  With  transmitting  and   receiving   antennas   near   the 
ground,  absorption  of  the  waves  by  the  ground  is  generally 
more  important  in  decreasing  field  strength  than  is  earth 
curvature.  At  very  great  distances,  when  the  field  has  already 
decreased  to  such  an  extent  that  absorption  cannot  be  impor- 
tant, the  effect  of  earth  curvature  may  be  notable. 

5.  If  the  antennas  are  raised  substantially  above  the  sur- 
face of  the  earth,  the  effect  at  great  distances  is  to  multiply 
the  field  by  a  constant  factor  independent  of  the  distance. 

6.  Effective  phase  velocity  of  the  ground  wave  is  slower 
than  that  pertinent  to  free-space  propagation.  It  depends  on 
frequency,  ground  constants,  and  distance  from  the  trans- 
mitting antenna.  This  is  notable,  especially  in  the  case  of 
short  transmission  distances,  with  regard  to  VLF  navigation 
systems  based  upon  differential  ground-wave  phase  measure- 
ment.42'43-44 


Ground  and  Sky  Wave  Although  ground-wave  theory  has 
been  well  developed  and  confirmed  experimentally,  so  that 
ground-wave  intensity  can  be  computed,  this  is  not  true  of 
the  sky  wave.  The  theoretical  development  of  sky-wave  re- 
flection is  in  its  elementary  stages.  At  short  distances,  both 
ground  wave  and  sky  wave  combine  to  form  the  received  sig- 
nal. Their  relative  importance  in  determining  the  received 
intensity  varies  with  the  reflection  coefficient  of  the  ionized 
layer  in  the  ionosphere  which  reflects  the  sky  wave  back  to 
earth  as  well  as  with  the  reflection  coefficient  of  the  earth 
itself. 

Considerable  interest  therefore  attaches  to  measurement 
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of  the  reflecting-layer  height  and  reflection  coefficient  at 
these  frequencies.  This  is  done  either  by  the  method  of 
Hollingworth,45  using  the  interference  pattern  formed  by 
ground  and  sky  wave,  or  by  vertical-incidence  pulse  measure- 
ments, similar  to  those  regularly  made  at  ionosphere  stations 
on  higher  frequencies  (see  Sec.  2.4). 

Estimates  of  ionospheric  reflection  heights  for  the  VLF, 
furnished  by  such  experiments,  are  about  70  to  80  km  for  day 
and  90  to  100  km  for  night.  Little,  if  any,  significant  change 
in  reflection  height  accompanies  changes  of  frequency  within 
the  limits  treated  in  this  chapter. 

The  logarithms  of  the  reflection  coefficients  at  vertical  inci- 
dence, within  this  range,  generally  vary  linearly  and  nega- 
tively, with  the  logarithm  of  the  frequency.  At  night,  for 
example,  the  reflection  coefficient  R  =  0.6  at  10  kc  and 
R  =  0.25  at  200  kc,  approximately;  for  winter  noon,  R  =  0.7 
at  10  kc  and  R  =  0.02  at  200  kc,  approximately;  for  summer 
noon,  the  change  with  frequency  is  even  more  marked; 
R  —  about  0.1  at  16  kc  and  is  less  than  0.001  at  100  kc.46 

Seasonal  changes  in  R,  at  16  kc,  are  almost  opposite  in 
phase  for  noon  and  night;  night  values  increase  from  about 
0.37  in  winter  to  0.56  in  summer,  while  noon  values  decrease 
from  about  0.27  in  winter  to  0.13  in  summer.  At  70  kc, 
R  —  about  0.3  at  night,  with  no  marked  seasonal  variation, 
and  is  about  0.08  for  winter  noon,  decreasing  to  negligible 
values  for  noon  in  summer.46 

Diurnal  changes,  thus,  are  greater  for  summer  than  for 
winter  and  greater  for  higher  frequencies  within  this  range 
than  for  the  lower  frequencies.  Both  daytime  and  night  val- 
ues are  fairly  constant,  transition  taking  place  shortly  before 
ground  sunrise  (sometimes  accompanied  by  fluctuations  in 
the  reflection  coefficient)  and  near  sunset.  It  is  interesting 
that,  although  the  reflection  coefficient  begins  to  change 
about  an  hour  before  ground  sunrise,  the  phase  of  the  wave 
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(indicating  the  reflection  height)  does  not  change  until 
ground  sunrise. 

Reflection  coefficients  are  greater  for  oblique  incidence. 
At  16  kc  summer  daytime,  R  —  about  0.15  for  transmission 
distances  less  than  300  km  but  is  nearly  double  this  value  for 
distances  between  500  and  800  km;  at  night,  R  —  0.26  at  170 
km  and  0.69  at  700  km.  For  frequencies  near  100  kc,  summer 
daytime  R  is  less  than  0.001  at  vertical  incidence  but  is  0.01 
at  400  km,  0.04  at  700  km,  and  0.055  at  900  km.46 

It  is  interesting  that  for  oblique  incidence,  on  transmission 
distances  of  several  hundred  kilometers,  both  decrease  of  re- 
flection coefficient  and  phase  change  of  the  sky  wave  take 
place  about  an  hour  before  ground  sunrise  at  the  midpoint 
of  the  transmission  path. 

More  than  one  reflection  from  the  same  ionospheric  re- 
flecting layer  is  sometimes  observed,  especially  when  the 
reflection  coefficient  is  high.  Reflections  from  layers  of  some- 
what different  heights  have  also  occasionally  been  noted. 

Field  Strengths  Received  over  Long  Distances 

The  simplest  practical  working  formula  for  VLF  radio  propa- 
gation over  great  distances  is: 


where  E  =  received  field  strength,  microvolts  per  meter 
H  —  effective  antenna  height,  kilometers 
I  =  antenna  current,  amperes 
d  —  transmission  distance,  kilometers 
0  —  transmission  distance,  radians  (  this  formula  and 
similar  formulas  are  not  applicable  for  distances 
near  0  =  0  or  0  —  JT) 
f  =  frequency,  kilocycles 
a  —  attenuation  coefficient 
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This  is  essentially  the  empirically  established  Austin-Cohen 
formula,4'48  given  theoretical  basis  by  Watson.3  In  some 
work,  the  exponent  at  the  end  of  the  formula  has  been  found 
to  be  other  values,  varying  from  0.5  to  1.25,  but  0.5  is  most 
commonly  applicable. 

Austin  first  gave  the  value  of  a,  the  attenuation  coefficient, 
as  0.0015.  Analysis  of  the  observations  of  many  workers,49-50 
has  shown  seasonal,  diurnal,  and  other  changes  in  a.  These 
variations  are  discussed  below. 


Variation  with  Solar  Activity  The  only  sufficiently  long- 
time series  of  data  for  significant  study  of  year-to-year  varia- 
tions are  those  of  Austin  for  the  Nauen,  Germany  [0900  to 
1000,  75°  W  time  (EST),  1915-1933;  1500,  75°  W  time 
(EST),  1923-1933;  23.4  kc]  and  Bordeaux,  France  [1000 
to  1500,  75°  W  time  (EST),  1923-1933;  12.8,  16.2,  15.9, 
15.7  kc],  signals  received  at  Washington,  D.C.  Yearly- 
average  field  strengths  for  Nauen  (excepting  those  for 
1930,  a  geomagnetically  abnormal  year)  show  positive 
correlation  with  smoothed  sunspot  number.  The  measure- 
ments on  the  Bordeaux  signal  showed  no  significant  variation 
with  sunspot  number. 

The  effects  of  solar  flares  on  the  ionosphere  ( sudden  iono- 
sphere disturbance,  or  Bellinger  effect)  decrease  the  iono- 
spheric reflection  height  for  VLF  by  several  kilometers,  the 
decrease  being  approximately  the  same  for  all  frequencies 
within  this  range.  At  vertical  incidence  or  for  rather  short 
transmission  distances,  the  amplitude  of  the  sky  wave  is  de- 
creased. The  decrease,  for  a  given  decrease  in  reflection 
height,  is  much  more  marked  at  the  higher  frequencies  than 
at  the  lower  ones  in  this  frequency  range.  For  example,  for 
a  decrease  of  6  km  in  reflection  height,  the  amplitude  change 
at  16  kc  is  6  db,  whereas  it  is  about  36  db  at  higher  frequen- 
cies (30  to  113  kc).  The  relative  change  in  amplitude-  A  A/A 
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varies  linearly  with  log  A^.46  At  oblique  incidence,  on  longer 
transmission  paths,  the  effect  of  the  sudden  ionosphere  dis- 
turbance is  likewise  to  decrease  reflection  heights  by  an  ap- 
proximately equivalent  amount.  The  field  strength,  however, 
is  increased,  in  the  frequency  range  considered  in  this  chap- 
ter. Some  experiments  on  radio  noise  51  indicate  higher  atten- 
uation for  frequencies  below  about  8  kc  during  a  sudden 
ionosphere  disturbance. 

The  effect  of  ionosphere  storms  on  LF  transmission  at 
temperate  latitudes  has  been  noted  by  many  investigators. 
Austin  52  reported  that  night  signals  were  weakened  but  day- 
time signals  enhanced  on  long  transmission  paths.  Wymore  53 
likewise  notes  an  increase  of  signal  strength,  reaching  a  maxi- 
mum from  1  to  2  days  after  the  onset  of  the  storm  and  dis- 
appearing in  4  to  5  days,  for  transmission  distances  of  4,000 
to  7,100  km.  For  shorter  distances  (250  to  450  km),  the  signal 
increased  before  the  accompanying  magnetic  storm  began, 
the  increased  signal  being  maintained  after  the  magnetic 
storm  reached  its  maximum.  Espenschied,  Anderson,  and 
Bailey  49  note  that  ionospheric  storminess  tends  to  obliterate 
diurnal  changes.  More  recent  experiments  40  on  16  kc  at  verti- 
cal incidence  indicate  a  violent  phase  and  amplitude  change, 
about  20  hr  after  the  "sudden  commencement"  of  a  "great" 
magnetic  storm,  followed  by  a  return  to  normal,  then,  3  days 
later,  the  absence  of  diurnal  change  in  the  signal,  with  even- 
tual return  to  normal  in  about  10  days. 

Variation  with  Time  of  Day  More  pronounced  diurnal  vari- 
ation occurs  in  the  attenuation  coefficient  at  the  higher  fre- 
quencies than  at  the  lower  within  the  range  discussed  in  this 
section.  Daytime  values  of  attenuation  coefficient  are  higher 
than  night  values,  as  shown  by  Table  2. 1.50 

Rydbeck47  derived  an  expression  showing  positive  varia- 
tion of  daytime  a  with  the  one-sixth  power  of  the  cosine  of 
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the  solar  zenith  angle,  which  is  in  general  agreement  with 
observation  of  very  little  change  in  a  during  times  when  sun- 
light is  over  all  the  transmission  path. 

At  times  when  sunrise  or  sunset  occurs  along  the  transmis- 
sion path,  the  values  for  a  are  generally  intermediate  between 
those  for  day  and  night  but  may,  occasionally,  become  much 
higher  than  those  for  daytime,  causing  complete  loss  of  sig- 
nal for  periods  of  several  minutes.  There  has  been  found,  so 
far,  no  simple  relationship  between  these  times  of  signal  loss 
and  the  position  of  ionospheric  or  ground  sunrise  or  sunset 
on  the  transmission  path. 

Variation  with  Frequency  Attenuation  coefficients  for 
higher  frequencies  are  greater  than  those  for  lower  frequen- 
cies within  this  range,  and  their  seasonal  diurnal  variations 
are  more  marked  (see  Table  2.1).  Some  radio  noise  stud- 
ies 51>54  indicate  pronounced  attenuation  on  frequencies  be- 
low about  8  kc. 


Other  Propagation  Effects  at  These  Frequencies 

Polarization  For  short  transmission  distances  (300  km  or 
less)  on  all  frequencies,  a  number  of  observers  have  found 
the  downcoming  sky  wave  to  be  approximately  circularly 
polarized,  with  an  anticlockwise  rotation  when  viewed  along 
the  direction  of  propagation.46  Some  instances  have  been 
noted,55*58'59  however,  of  linear  polarization  and  of  "split" 
echoes  with  components  polarized  at  right  angles  to  each 
other.  These  were  noted  at  night  or  on  frequencies  of  310  to 
340  kc. 

For  greater  transmission  distances  (400  km  or  greater)  on 
16  kc,  measurements  have  shown  the  downcoming  wave  to 
be  plane  polarized,  the  plane  of  polarization  being  45  deg 
to  the  vertical  plane  of  propagation.46 
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Cross  Modulation  Powerful  transmitting  stations  sometimes 
cause  cross  modulation  on  transmissions  from  other  sta- 
tions.58"68 Waves  passing  directly  over  the  transmitter  suffer 
more  cross  modulation  than  those  in  more  distant  paths.  A 
station  of  200  kw  can  so  agitate  the  electrons  in  the  iono- 
sphere overhead  that  their  collision  frequency  with  mole- 
cules is  appreciably  changed;  thus  absorption  of  the  medium 
for  other  radio  waves  changes  with  the  modulation  frequency 
of  the  transmitting  station,  and  they  are  likewise  modulated. 

Cross  modulation,  occurring  only  on  the  sky  wave,  not  on 
the  ground  wave,  is  most  noticeable  when  the  sky  wave  is 
relatively  strong.  In  general,  at  very  low  frequencies,  it  in- 
creases with  increased  power  and  decreased  frequency  of 
the  disturbing  station,  being  most  pronounced  when  both 
the  wanted  radiation  and  disturbing  radiation  are  absorbed 
in  the  same  ionospheric  region.  The  transferred  modulation 
will  contain  an  octave  component  of  the  disturbing  modula- 
tion but  no  higher  harmonics.  At  higher  frequencies  than 
those  discussed  here,  near  gyrofrequency,  abnormally  high 
cross-modulation  effects  occur. 

If  Ew  is  the  field  strength  of  the  wanted  wave,  pw  its  angu- 
lar frequency,  and  co  the  angular  modulation  frequency  of 
the  disturbing  wave,  the  field  intensity  of  the  wanted  wave 
is  given  by  Ew  ( 1  +  Tw  cos  co£ )  cos  pwt,  where  Tw  is  called  the 
coefficient  of  transferred  modulation.  If  this  coefficient  at 
zero  modulation  frequency  is  To,  that  at  any  other  frequency 
Tf  is  approximately  given  by 


if 


where  F  is  the  power  of  the  disturbing  transmitter  in  kilo- 


_  TV? /140V  M 
To~  Vd/   100 
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watts,  d  is  the  slant  distance  in  kilometers  of  this  transmitter 
from  the  center  of  the  transmission  path,  and  M  is  the  per- 
centage depth  of  modulation.  TV  has  a  value  of  about  0.02 
when  both  wanted  and  disturbing  waves  have  VLF  or  when 
the  wanted  wave  has  VLF  and  the  disturbing  wave  has  MF. 
When  the  wanted  wave  is  of  MF  and  the  disturbing  wave  is 
of  VLF,  TV  is  about  0.05.  When  the  disturbing  wave  is  near 
the  gyrofrequency,  TV  has  higher  values.  An  excellent,  de- 
tailed resume  of  this  subject  has  been  given  by  Huxley  and 
Ratcliffe  69  together  with  computations  suitable  for  imme- 
diate practical  use. 

Directional  Effects  Aberrations  in  observed  directions  of 
signal  arrival  have  been  noted  over  very  long  transmission 
paths.70'71  These  occurred  when  the  signal  was  received  at  a 
location  nearly  antipodal  to  the  transmitting  station.  The  sig- 
nal is  transmitted  to  the  antipodal  regions  in  all  directions, 
so  that  more  than  one  signal  may  be  received.  That  coming 
over  the  path  where  ground  and  ionospheric  conditions  com- 
bine to  offer  the  least  attenuation  will  be  the  most  promi- 
nently received. 

Yokoyama  and  Nakai72  reported  that  east-west  transmis- 
sion over  long  transmission  paths,  in  fairly  high  latitude, 
suffers  decidedly  greater  attenuation  than  does  north-south 
transmission.  Austin,  Judsori,  and  Wymore-Shiel 73  found 
that  LF  transmission  was  influenced  more  by  magnetic  activ- 
ity when  traveling  across  the  earth's  magnetic  field  than 
when  traveling  parallel  to  it. 

Other  directional  effects  noted  are,  more  properly,  diurnal 
effects.  There  are,  for  example,  no  typical  sunset  effects,  such 
as  those  obtained  on  transatlantic  paths,  in  observations  made 
at  Washington,  D.C.,  on  signals  from  Puerto  Rico,  the  path 
in  this  case  being  nearly  north-south.74  Similar  75  is  the  lack 
of  observed  winter  minima  such  as  those  observed  on  Euro- 
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pean  stations,  in  Puerto  Rico  and  Argentina  signals  observed 
at  Washington,  D.C.,  at  10  A.M.  and  on  San  Diego  signals 
received  at  3  P.M. 

Variations  in  Delay  Time  Low-frequency  reception  of  sig- 
nals from  several  stationary  transmitters  is  widely  used  for 
navigation  purposes,  the  location  of  the  mobile  receiving  sta- 
tion being  determined  by  differences  in  time  of  arrival  of 
signals  from  the  stationary  transmitters.  When  pulse  signals 
are  used,  the  path  difference  is  measured  directly  as  a  time 
difference;  when  continuous- wave  signals  are  used,  the  path 
difference  is  measured  as  a  difference  of  phase. 

Observed  delay  times  of  pulse  arrival  have  generally  been 
reported  to  be  somewhat  longer  than  those  calculated  for 
ground-wave  arrival,  possibly  because  the  received  signal 
consists  of  both  ground-wave  and  sky-wave  pulses,  imper- 
fectly resolved.  With  increasing  intensity  of  the  received  sky- 
wave  component  of  the  pulse,  the  delay  time  increases.  Since 
sky-wave  field  intensities  vary  seasonally,  diurnally,  geo- 
graphically, and  with  solar  activity,  delay  times  may  be 
expected  to  vary  likewise.  Since  delay  times  depend  upon 
the  relative  intensities  of  ground  wave  and  sky  wave,  they 
also  vary  with  the  type  of  ground  along  the  transmission 
path.  Sufficiently  detailed  analysis  to  determine  all  these 
variations  significantly  has  not  been  made. 

Measurements  carried  out 76>77  on  several  experimental  LF 
loran  stations  (180  kc)  at  various  North  American  locations 
have,  however,  furnished  sufficient  data  to  provide  practical 
corrections  to  measured  delay  times,  with  consequent  notable 
improvement  in  accuracy.  These  corrections  (the  difference 
between  mean  time  of  observed  signal  transmission  and  the 
calculated  time  of  ground-wave  transmission)  are  given  for 
day  and  night,  for  overland  and  oversea  transmission  paths, 
and  for  various  distances.  These  increase  from  zero,  at  zero 
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distance  from  the  transmitter,  to  values  of  approximately  20, 
40,  55,  and  60  ptsec  for  a  transmission  distance  of  1,000  stat- 
ute miles,  for  the  cases,  respectively,  of  daytime  over  sea 
water  and  over  land  and  of  nighttime  over  sea  and  over  land. 
Similar  values  for  a  transmission  distance  of  2,000  statute 
miles  are,  respectively,  63,  74  (extrapolated),  84,  and  133 
[isec.  Application  of  these  delay-time  corrections  reduced 
estimated  distance  errors,  roughly,  by  about  50  per  cent  for 
a  typical  case.  Median  daytime  errors,  remaining  after  these 
corrections  were  made,  were  about  8  miles,  those  for  night 
being  about  15  miles.  Actually,  distance  error,  in  any  par- 
ticular case,  depends  upon  direction  from  the  location  con- 
cerned, contours  of  equal  error  being  probability  ellipses 
about  the  location. 

Navigation  systems  using  continuous  waves  rather  than 
pulses  are  dependent  upon  the  measurement  of  phase  differ- 
ence of  ground  waves  at  rather  short  transmission  distances 
and  must  correct  their  observations  for  the  retardation  of 
effective  phase  velocity  of  the  ground  waves.  Interpretation 
of  the  phase  of  received  sky  waves  must  be  made  with  refer- 
ence to  changes  in  effective  ionospheric  reflection  heights.78'79 

v^ 

Variations  in  Radio  Noise  at  These  Frequencies 

Effect  of  Solar  Activity  Austin's  noise  observations,  a  series 
accompanying  his  measurements  of  received  field  intensities, 
are  the  only  series  of  measurements  long  enough  to  determine 
solar-cycle  variations.  These  showed  an  approximately  nega- 
tive linear  variation  with  increase  of  sunspot  number,  pos- 
sibly caused  by  increased  absorption  with  increasing  solar 
activity. 

Extensive  observations  80>81  have  been  made  on  the  effects 
of  sudden  ionosphere  disturbances  on  radio  noise  at  VLF. 
Sudden  reinforcements  of  radio  noise  accompany  solar  flares, 
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these  being  less  notable  at  the  lowest  frequencies  (below  17 
kc)  within  this  range.  Several  instances  have  occurred  when 
a  short  reinforcement  was  observed  before  the  fade-out  for 
VHF  was  observed.  Pronounced  decrease  in  radio  noise  has 
been  observed  below  about  8  kc  during  such  occasions.51'54 

Radio-noise  Variation  with  Time  of  Day  Generally  speak- 
ing, received  atmospheric  noise  is  greater  at  night  than  day, 
because  attenuation  is  less  at  night.  Otherwise,  it  varies  ac- 
cording to  the  diurnal  variation  of  thunderstorm  activity. 
Thus  for  most  localities  in  the  United  States,  high  values  are 
observed  at  night,  low  values  in  the  morning,  and  rather  high 
values  during  late  afternoons  in  summer,  since  local  thunder- 
storms are  then  most  prevalent.49-74'77'82'83 

Radio-noise  Variation  with  Season  Observations  at  Wash- 
ington, D.C.,  show  consistently  higher  daytime  noise  values 
for  summer  than  for  winter,  this  variation  being  less  pro- 
nounced for  morning  than  for  afternoon.  Ratios  of  monthly- 
average  to  yearly-average  values  for  frequencies  from  15  to 
30  kc  have  been  found  to  vary  for  10  A.M.  from  about  0.7  in 
winter  to  1.6  in  summer;  for  3  P.M.  they  vary  from  about  0.3 
in  winter  to  2.3  in  July-August. 

Radio-noise  Variation  with  Geographical  Location  Insuffi- 
ciently long-time  series  of  data  at  a  large  number  of  locations 
prevent  accurate  knowledge  of  noise  variation  with  location. 
These  variations  may  be  inferred,  to  some  extent,  from  our 
better  information  concerning  thunderstorm  occurrence  and 
concerning  radio-propagation  characteristics.  In  general, 
radio  noise  tends  to  be  negligible  in  Arctic  regions,84  fairly 
low  in  temperate  regions,49  except  during  times  of  local 
thunderstorm  activity  or  when  night  conditions  prevail  over 
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the  transmission  path  between  the  station  concerned  and 
some  noise  center;  and  high  in  tropical  regions. 

Observed  values  of  radio  noise  on  18.25  kc,  approximately 
150  cycles  bandwidth,  for  Cabo  Frio,  Brazil,  may  be  consid- 
ered typical  for  a  tropical  noise  center.  For  February,  1922, 
a  diurnal  minimum  of  about  36  |iv  per  meter  was  observed 
at  about  1800  local  time,  rising  to  a  maximum  of  about  465 
jiv  per  meter  at  about  1600  local  time.  During  relatively  quiet 
periods  in  the  early  morning,  the  noise  sources  seemed  largely 
located  in  northern  Africa;  the  sources  for  afternoon  noise 
seemed  principally  located  in  the  interior  of  Brazil.  Occa- 
sionally, afternoon  noise  values  of  more  than  3,000  [iv  per 
meter  were  maintained  for  periods  of  several  hours. 

In  long-distance  signal  reception,  advantage  is  taken  of  the 
fact  that  such  radio  noise  comes  from  particular  noise  cen- 
ters; directional  antennas  are  used  to  discriminate  against 
the  direction  of  the  predominant  radio  noise  and  thus  in- 
crease the  signal-to-noise  ratio. 

Radio-noise  Variation  with  Frequency  Variations  with  fre- 
quency are  determined  by  the  nature  of  the  generating  at- 
mospheric electrical  disturbances,  as  well  as  the  variations 
in  their  propagation  characteristics  with  frequency.  Through- 
out this  frequency  range,  radio-noise  intensity  diminishes  as 
frequency  increases.  There  is  a  roughly  linear  negative  varia- 
tion of  the  log  of  noise  field  strength  with  frequency. 

Utility  of  the  Frequency  Range  10  to  200  Kc 

Radio  frequencies  of  10  to  200  kc  are  particularly  useful  for 
very  long-distance  transmission  when  sufficient  transmitting 
power  may  be  obtained  and  when  good  reliability  is  impor- 
tant. They  are,  thus,  useful  for  message  transmission  through- 
out the  range,  although  with  decrease  of  frequency  less  in- 
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formation  can  be  transmitted  in  a  given  time.  The  cost  of 
high-power  transmitting  antennas  for  these  frequencies  also 
imposes  economic  limitations.  Increased  reliability,  increased 
signal  strength,  and  less  diurnal,  seasonal,  solar-activity,  and 
ground-conductivity  variations  are  obtained  with  decreasing 
frequency  throughout  this  range.  Unfortunately,  these  bene- 
fits with  decrease  of  frequency  are  accompanied,  generally, 
by  increase  of  radio  noise,  especially  for  receiver  locations 
near  tropical  noise  centers  and  at  night  and  during  summer 
afternoons  in  most  temperate-zone  locations  on  land.  Recent 
experiments,51'54  however,  indicate  pronounced  decrease  in 
both  received  field  strengths  and  radio  noise  on  frequencies 
below  about  8  kc. 

Frequencies  in  the  upper  part  of  this  range  are  useful  for 
fairly  accurate  navigation  systems,  covering  large  areas.  It 
should  be  noted  that  suitable  corrections  should  be  applied 
to  measured  time  delays  in  such  systems.  The  phase  stability 
on  the  lower  frequencies  within  this  range  suggests  their  use 
also  for  long-range  navigational  aids.78 


2.3    PROPAGATION  CHARACTERISTICS  OF  THE 
SPECTRUM  FROM  200  TO  2,000  KC 

General 

This  is  the  frequency  range  in  which  occurs  the  transition 
from  frequencies  at  which  the  ground  wave  plays  an  impor- 
tant part  ( at  the  lower  frequencies )  to  frequencies  at  which 
the  sky  wave  assumes  primary  importance  (the  upper  fre- 
quencies). The  ground  wave  and  sky  wave  differ  widely  in 
their  characteristics.  Ground- wave  propagation  continues 
more  or  less  uniformly  throughout  the  day  and  night  and 
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ranges  from  what  might  be  termed  good  in  the  lower  end  of 
this  frequency  range  to  rather  poor  propagation  at  the  upper 
end,  with  average  to  poor  soil  conductivity.  The  propagation 
in  the  higher  portion  of  the  range  permits  only  a  relatively 
short-distance  ground-wave  service,  especially  over  paths  of 
poor  conductivity.  Over  paths  of  good  conductivity  such  as 
sea  water,  this  disparity  of  propagation  as  between  the  high 
and  the  low  portion  of  this  frequency  range  is  not  so  clearly 
marked. 

Sky-wave  propagation,  though  sometimes  observable  in 
the  daytime,  is  conspicuous  during  the  night  hours.  Being 
propagated  by  the  ionosphere,  it  is  subject  to  the  great  vari- 
ations typical  of  the  ionosphere.  Received  intensities  fluc- 
tuate from  minute  to  minute  and  also  vary  from  hour  to  hour, 
day  to  day,  season  to  season,  and  year  to  year.  Though  highly 
variable,  the  sky  wave  is  nevertheless  very  useful,  for  it  per- 
mits nighttime  communication  over  hundreds  of  miles.  With- 
out it  large  areas  of  the  world  would  receive  no  broadcast 
service. 

The  ground  wave  is  generally  of  greatest  importance  at 
distances  of  less  than  several  hundred  miles,  while  the  sky 
wave  is  of  greatest  importance  at  distances  of  hundreds  of 
miles.  At  intermediate  distances  both  components  may  be 
present  in  varying  proportions,  depending  on  the  frequency, 
the  time  of  day,  the  distance,  the  nature  of  the  terrain,  and 
conditions  prevailing  in  the  ionosphere.  Because  these  two 
components  of  transmission,  the  ground  wave  and  the  sky 
wave,  are  so  very  different  in  nature,  they  are  discussed  sepa- 
rately below. 

Ground-wave  Propagation 

Generalities  with  regard  to  the  ground  wave  as  set  forth  in 
the  previous  section  hold  also  in  this  range,  provided,  of 


PROPAGATION    CHARACTERISTICS  55 

course,  that  due  regard  is  given  to  the  higher  frequencies 
here.  In  this  range  the  ground  wave  is  more  highly  attenu- 
ated and  furthermore  its  attenuation  is  markedly  affected  by 
variations  in  the  conductivity  and  dielectric  constant  of  the 
soil  over  which  propagation  takes  place.  It  is  also  markedly 
affected  by  irregularities  of  terrain  and  by  man-made  struc- 
tures such  as  steel  buildings  and  wire  lines.  There  is  also 
marked  difference  between  the  attenuations  of  waves  which 
are  horizontally  polarized  and  vertically  polarized. 

Calculated  vs.  Measured  Ground-wave  Data  Field  strengths 
for  ground-wave  propagation  have  been  measured  over  a 
wide  range  of  conditions  and  have  been  compared  with  theo- 
retical calculations.  The  agreement  is  sufficiently  good  to 
warrant  the  use  of  such  calculations  as  a  guide  to  predicting 
ground-wave  propagation  generally,  but  subject  to  limita- 
tions discussed  below. 

Calculations  of  this  kind  have  been  made  1>2>3  for  various 
distances  and  frequencies  and  representative  soil  conditions, 
assuming  a  homogeneously  smooth  earth.  The  results  are 
shown  graphically  in  Fig.  1. 

It  is  assumed  in  this  figure  that  the  transmitting  and  re- 
ceiving antennas  each  have  a  height  of  30  ft  and  that  the 
power  at  the  transmitter  is  such  that  the  inverse-distance 
field  strength  is  100  mv  per  meter  at  1  mile  ( 161  mv  per  meter 
at  1  km ) .  This  becomes  the  datum  point  from  which  subse- 
quent levels  are  calculated.  A  conductivity  of  5  X  10~14  emu 
and  a  dielectric  constant  of  15  have  been  assumed.  The 
curves  marked  "H"  apply  to  horizontally  polarized  transmis- 
sion, while  the  curves  marked  "V"  apply  to  vertically  polar- 
ized transmission.  Because  of  the  excessive  ground-wave 
attenuation  of  horizontally  polarized  waves  in  this  frequency 
range,  they  will  not  be  considered  at  greater  length  in  this 
section. 
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Fig.  1  Ground-wave  field.strength  prevailing  at  various  distances  from 
a  transmitter.  It  is  assumed  that  the  transmitting  power  is  such  that 
the  field  strength  of  100  mv  per  meter  prevails  at  a  distance  of  1  mile 
(161  mv  per  meter  at  1  km)  and  that  the  soil  has  a  dielectric  constant 
of  15  and  a  specific  conductivity  of  5  X  10~14  emu. 
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Accuracy  and  Limitations  Theories  for  the  computation  of 
ground-wave  propagation  assume  the  idealized  condition  of 
homogeneous  earth  throughout  the  entire  transmission  path. 
They  further  assume  a  smooth  earth  without  structures  or 
irregularities.  The  first  step  in  the  computation  of  a  ground- 
wave  signal  is  the  choice  of  appropriate  values  of  conductiv- 
ity and  dielectric  constants  of  the  earth.  Since  an  adequate 
sample  of  earth  cannot  be  measured  by  direct  means,  these 
values  are  determined  in  practice  by  measuring  the  attenua- 
tion of  a  ground-wave  signal  over  the  path  in  question  and 
then  matching  this  experimentally  determined  attenuation  to 
one  of  a  set  of  theoretically  derived  curves.  These  measured 
values  are  so  made  as  to  include  a  minimum  of  local  effects 
such  as  structures  and  overhead  wires.  By  this  means  it  is 
possible  to  fix  the  effective  conductivity  and  dielectric  con- 
stant. ( Such  determination  of  ground  constants  is  influenced 
to  some  extent  by  terrain  irregularities  and  by  the  degree  of 
homogeneity  of  the  soil. )  These  constants  are  then  used  for 
computations  at  other  frequencies.  It  has  been  found  in 
practice  that  the  ability  to  predict  expected  fields  is  satis- 
factory, although  the  accuracy  is  not  extremely  high  when 
the  transmission-path  characteristics  depart  widely  from 
the  theoretical  assumptions  of  a  homogeneous  and  smooth 
earth. 

When  the  field  is  produced  by  a  number  of  sources  such  as 
from  the  radiators  of  a  directional  antenna  and  particularly 
in  the  direction  of  the  suppressed  signals,  the  effects  of  ter- 
rain irregularities  as  well  as  nonhomogeneous  earth  may  re- 
sult in  considerable  differences  in  the  apparent  conductivity 
and  dielectric  constant. 

The  deviations  of  the  field  due  to  irregularities  tend  to  in- 
crease with  the  increasing  frequency.  Irregularities  in  terrain, 
structures,  trees,  and  overhead  conductors  will  generally 
result  in  a  lower  average  field. 
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Frequently  the  transmission  path  will  contain  sections  of 
different  conductivity  and  dielectric  constant.  Several  meth- 
ods have  been  devised  4>5>6  to  utilize  theoretical  curves  de- 
rived for  single-valued  homogeneous  earth.  Some  of  these 
methods  do  not  satisfy  the  usual  concept  of  reciprocity  in 
that  transmission  in  one  direction  over  a  given  path  is  not 
computed  to  be  the  same  in  the  opposite  direction. 

Variations  with  Time  Due  to  Changes  in  Conductivity 
Within  moderately  short  distances,  the  ground-wave  field 
strengths  are  relatively  independent  of  ground  conditions, 
such  as  the  moisture  content  of  the  soil,  and  remain  fairly 
constant  from  hour  to  hour  and  day  to  day.  This,  of  course, 
applies  where  there  is  no  sky-wave  field  or  where  the  sky- 
wave  field  is  very  small  in  relation  to  the  ground- wave  field. 
There  is,  however,  substantial  evidence  of  temperature  or 
seasonal  effect 7  which  results  in  less  attenuation  in  winter 
or  during  periods  of  low  temperature.  At  greater  distances 
there  are  variations  in  field  strength,  the  causes  of  which  are 
not  well  established,  but  since  they  are  small  compared  with 
variations  in  the  sky-wave  component,  about  to  be  discussed, 
they  are  of  secondary  interest. 

Sky-wave  Propagation 

In  this  frequency  range,  waves  are  reflected  mainly  by  the 
E  layer  (particularly  at  the  lower  frequencies)  and  are  re- 
turned to  earth  at  relatively  short  distances.  As  a  result 
there  is  a  considerable  area  around  a  transmitting  station  in 
which  both  ground  waves  and  sky  waves  are  received.  This  is 
most  noticeable  at  night.  In  this  inner  area,  conditions  are 
favorable  for  wave  interference  and  a  considerable  amount 
of  fading  and  signal  distortion  may  be  expected.  Outside  this 
area,  the  sky  wave  predominates  and  acceptable,  though 
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somewhat  variable,  transmission  is  experienced.  It  is  this 
region  which  is  assumed  in  the  discussion  that  follows. 

Calculated  vs.  Measured  Sky-wave  Data  Numerous  at- 
tempts have  been  made  to  calculate  sky-wave  field  strengths 
by  assuming  reasonable  values  for  such  pertinent  factors  as 
the  height  and  reflection  coefficient  of  the  ionosphere.  How- 
ever, because  these  data  are  seldom  known  and  because  a 
large  amount  of  measured  field-strength  data  are  now  avail- 
able, the  latter  are  usually  preferred.  A  particularly  complete 
set  of  such  data,  representative  of  overland  paths  in  North 
America,  was  collected  between  the  years  1935  and  1946. 8 
A  large  part  of  these  data  were  taken  in  1944,  a  period  of 
low  sunspot  activity  and  hence  a  period  when  variations  in 
the  ionosphere  were  near  a  minimum.  Though  they  apply 
particularly  to  the  band  540  to  1,600  kc,  they  are  believed  to 
apply  in  a  general  way  to  the  entire  band  covered  by  this 
chapter.  Generalities  based  on  these  data  follow: 

1.  Nighttime  sky-wave  field  strengths  may  be  a  hundred 
or  more  times  as  great  as  the  corresponding  daytime  field 
strengths.  Daytime  field  strengths  may,  however,  be  sufficient 
for  practical  operation  at  great  distances,  provided  sufficient 
power  is  transmitted  and  local  radio  noise  conditions  are 
favorable. 

2.  Sky-wave  transmission  in  this  band  is  affected  by  the 
latitude  of  the  reflection  point  of  the  transmission  path. 

3.  There  is  a  tendency  in  this  band  for  LF  sky-wave  field 
strengths  to  be  greater  than  the  corresponding  HF  field 
strengths,  but  such  correlations  are  obscured  by  other  effects 
such,  for  example,  as  the  variation  with  latitude. 

4.  Fading  conditions  are  such  that  the  instantaneous  sky- 
wave  field  strengths  within  any  nighttime  hour  follow  the  so- 
called  Rayleigh  distribution.  The  constants  for  this  case  are 
such  that,  if  Em  is  the  field  strength  exceeded  50  per  cent 
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of  the  time,  we  may  compute  the  instantaneous  field 
strength  E  prevailing  p  per  cent  of  the  time  by  the  relation 

E  =  Em  f  1.823  flog— Y*].  Calculations  show  that,  for 
\         p  /    J 

E/Em  ^  2,  p  =  6.2  per  cent  and  for  E/Em  ^  J/2,  P  =  84  per 
cent.  That  is  to  say,  the  field  strength  is  greater  than  twice 
its  median  value  *  only  6.2  per  cent  of  the  time  but  it  is 
greater  than  one-half  this  value  about  84  per  cent  of  the  time. 

5.  Sky-wave  propagation  is  subject  to  a  diurnal  variation 
typified    by    the    following:    Beginning    approximately    3 
hr    before    sunset    and    continuing    for    2   hr   or    more 
after  sunset,  field  intensities  increase  by  a  ratio  of  10  or 
more.  Except  for  the  fluctuations  already  mentioned,  these 
levels  remain  fairly  constant  until  about  an  hour  before  sun- 
rise, when  they  begin  to  fall.  The  fall  continues  until  several 
hours  after  sunrise,  when  they  regain  their  normal  low  day- 
time levels.  The  rate  of  increase  appears  to  be  affected  some- 
what by  the  frequency  and  also  the  length  and  direction  of 
the  path. 

6.  There    is    the    suggestion    of    higher    sky-wave    field 
strengths  in  winter  than  in  summer  and  even  stronger  evi- 
dence of  27-day  and  11-year  cycles  of  improved  transmission. 
The  latter  suggest  a  relationship  with  sunspot  activity. 

Repi'esentative  Sky-wave  Field-strength  Data  Based  on  the 
above  data,  composite  curves  have  been  formulated  in  Fig. 
2  to  show  the  variation  of  field  strength  with  distance  for 
various  latitudes  in  North  America,  each  for  three  different 
conditions  as  follows:  The  upper  group  (a)  gives  the  night- 
time field  strengths  which  were  exceeded  10  per  cent  of  the 

*  The  median  divides  a  group  of  data  into  two  parts  such  that  there 
are  as  many  values  greater  than  the  median  as  there  are  values  less  than 
the  median.  Usually  the  median  differs  from  the  mean.  Thus  the  median 
of  the  numbers  1,  3,  4,  8,  9  is  4.  Their  mean  is  5. 
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F/g.  2  Median  hourly  sky-wave  field  strengths  prevailing,  (a)  10  per 
cent  of  the  year;  (b)  50  per  cent  of  the  year;  and  (c)  90  per  cent  of 
the  year. 
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time  during  a  particular  year.  The  second  group  (b)  gives 
corresponding  values  exceeded  50  per  cent  of  the  time.  The 
third  group  (c)  corresponds  to  90  per  cent  of  the  time.  In 
this  illustration,  the  observed  data  have  been  adjusted  to  an 
arbitrary  power  at  the  transmitter  corresponding  to  100  mv 
per  meter  at  a  distance  of  1  mile  (1.61  km),  radiated  at  a 
vertical  angle  corresponding  to  one  reflection  from  the  iono- 
sphere by  a  vertical  antenna  0.311  wavelength  long  excited 
with  respect  to  the  earth. 


Miscellaneous  Propagation  Effects 

The  ideal  condition  of  a  plane  wave  front  with  uniform  polar- 
ization is  seldom  obtained.  Departure  from  this  ideal  may  be 
important  in  the  performance  of  a  service.  Changes  in  the 
wave  front  or  polarization  result  from  irregularities,  which 
may  vary  from  path  to  path  and  with  time. 

Polarization  and  Directional  Effects  For  some  types  of 
services,  particularly  direction  finding  by  the  use  of  loop 
antennas,  the  presence  of  a  horizontally  polarized  field  com- 
ponent results  in  erroneous  readings.  By  the  use  of  other 
types  of  direction-finding  equipment,  these  errors  may  be 
reduced.  The  horizontal  component  occurs  as  a  result  of  re- 
flection from  the  ionized  layer.  In  general  this  effect  is  most 
serious  at  the  shorter  distances  and  diminishes  with  increas- 
ing distance.  The  component  is  variable  with  time  and  loca- 
tion. For  other  types  of  services  the  presence  of  horizontally 
polarized  components  may  be  of  little  importance. 

When  the  transmission  path  is  nonhomogeneous  and  par- 
ticularly when  it  is  marked  by  variations  in  conductivity  such 
as  along  a  coast  line,  the  wave  front  may  be  so  shifted  as  to 
give  the  wave  the  appearance  of  arriving  from  a  direction 
other  than  that  of  the  transmitter.  The  effect  is  complicated 
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by  the  angle  the  path  makes  with  the  coast  line,  the  distance 
from  the  coast,  and  other  factors. 

When  transmission  is  principally  by  sky  wave,  errors  occur 
due  to  actual  lateral  deviation  of  the  wave  propagation  path 
from  that  of  a  great-circle  path.9  For  example,  at  50  miles, 
bearing  errors  up  to  30  deg  may  result,  although  the  probable 
error  is  7  deg. 

Variations  in  Delay  Time  For  some  services  such  as  loran, 
the  reliability  of  the  transmission  time  or  delay  time  is  very 
important  and  variation  in  this  time  may  result  in  errors  of 
appreciable  magnitude.  Variations  in  delay  time  are  most 
common  in  sky-wave  propagation,  where  transmission  may 
take  place  by  paths  of  different  lengths.  As  a  practical  mat- 
ter it  has  been  found  that  services  such  as  loran  10  can  use 
frequencies  within  this  band  and  that  errors  introduced  by 
variations  in  delay  time  are  not  excessive. 

Radio  Noise 

Of  the  various  sources  of  radio  noise  prevailing  in  this  band 
of  frequencies,  atmospheric  noise  and  man-made  noise  are 
of  greatest  importance.  As  in  other  parts  of  the  radio  spec- 
trum, so  here,  atmospheric  noise  is  due  to  the  integrated 
effects  of  all  the  thunderstorms  occurring  at  the  moment 
throughout  the  world.  In  the  daytime,  where  only  the 
ground-wave  transmission  prevails,  only  local  thunderstorms 
are  important.  In  northern  latitudes  these  occur  mainly  in 
summer,  often  in  the  late  afternoon.  At  night  when  the  sky 
wave  predominates,  the  effects  of  storms  hundreds  of  miles 
away  are  added.  The  latter  may  be  so  great  as  to  constitute 
an  almost  constant  source. 

Radio-noise  Data  The  systematic  survey  of  transmission 
referred  to  above  included  measurements  of  radio  noise  pre- 
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vailing  at  numerous  points  throughout  North  America.8  The 
data  have  been  analyzed  and  have  been  reduced  to  an  equiv- 
alent field  strength,  assuming  that  the  noise  is  received  at  a 
frequency  of  1,000  kc  over  a  band  4  kc  wide. 

General  conclusions  based  on  this  survey  follow: 

1.  Atmospheric  noise  is  greater  in  the  summer  than  in 
winter  and  greater  at  night  than  in  daytime.  Sometimes  the 
ratios  are  15  or  more  to  1. 

2.  Atmospheric  noise  is  markedly  affected  by  geographical 
location.  In  North  America,  for  example,  daytime  median 
values  are  a  maximum  at  about  1.6  |iv  per  meter  in  the  vicin- 
ity of  the  Florida  peninsula,  decreasing  progressively  both 
to  the  North  and  to  the  West  to  values  of  perhaps  one-twen- 
tieth this  level  in  northern  Maine  and  in  central  California. 
In  northwestern  California  the  noise  level  is  even  lower. 
Median  nighttime  values  follow  a  similar  pattern,  but  their 
levels  are  higher  by  a  factor  of  about  5. 

3.  Atmospheric  noise  decreases  with  frequency  to  a  greater 
extent  in  the  daytime  than  at  night. 

4.  The  sources  of  man-made  noise  are  particularly  nu- 
merous and  powerful  in  industrialized  areas.  Thus  the  man- 
made  noise  level  is  generally  much  higher  in  factory  areas 
than  in  residential  areas  and  is  least  in  rural  areas. 


Summary  of  Uses  of  Frequencies  200  to  2,000  Kc 

The  lower  portion  of  this  band  is  useful  for  services,  such  as 
aural  broadcasting,  requiring  some  stability  as  well  as  mod- 
erately long-distance  transmission  during  both  day  and 
night.  Such  services  need  to  be  capable  of  operation  in  the 
presence  of  considerable  atmospheric  noise;  this  requires 
substantial  transmitter  power.  In  the  upper  portion  of  this 
band,  the  ground  wave  is  weaker  but  the  sky  wave  prevailing 
at  night  is  correspondingly  enhanced.  These  upper  frequen- 
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cies  may  also  be  used  for  broadcasting;  some  of  the  finer 
qualities  of  sound  reproduction  are  at  times  sacrificed  for 
long-distance  range.  Within  this  band,  the  utilization  of 
directional  antennas  with  a  moderate  degree  of  directivity 
becomes  feasible,  with  corresponding  improvements  in  ef- 
fective power  and  interference  reduction.  Directivity  may 
be  used  to  compensate  in  part  for  the  severe  attenuation  of 
the  ground  wave.  This  frequency  range  may  also  be  used 
for  direction  finding  and  for  special  location  services  such  as 
lor  an. 


2.4    PROPAGATION  CHARACTERISTICS  OF  THE 
SPECTRUM  FROM  2  TO  30  MC 

For  general  information  beyond  that  supplied  in  this  brief 
survey  the  reader  is  referred  to  more  comprehensive  discus- 
sions such  as  the  descriptive  article  by  Bellinger,1  the  tech- 
nical surveys  by  Mimno  2  and  Mitra,3  and  the  treatment  of 
practical  applications  by  Tremellen  and  Cox  4  and  the  Na- 
tional Bureau  of  Standards.5 


The  Ionosphere 

The  frequency  range  from  2  to  30  me  depends  principally  on 
the  ionosphere  for  its  propagation  characteristics.  The  im- 
portance of  ground-wave  propagation  is  small  compared  with 
that  of  propagation  via  the  ionosphere. 

The  ionosphere  has  four  principal  regions,  or  layers,  which 
affect  the  propagation  of  radio  waves.  They  are  called  the  D, 
E,  Fi,  and  F2  layers,  respectively,  in  the  order  of  increasing 
height  above  the  ground  and  increasing  ionization  density. 


66  RADIO    SPECTRUM    CONSERVATION 

The  E,  Fi,  and  F2  layers  are  primarily  reflectors  of  radio 
waves.  The  D  layer  is  primarily  a  region  of  absorption.  It 
reduces  the  strength  of  waves  which  pass  through  it  and  are 
reflected  from  the  higher  layers,  and  it  is  located  below  the 
E  layer  between  about  50  and  90  km  (between  about  30  and 
55  miles ) . 

In  Fig.  3  is  shown  a  typical  distribution  of  electron  density 
with  height  in  the  E,  Fi,  and  F£  layers,  which  illustrates  their 
relative  heights,  thicknesses,  and  maximum  densities.  Note 
that  these  layers  are  not  completely  separated  but  overlap 
to  some  extent.  Overlapping  between  the  Fi  and  Fo  layers 
varies  considerably.  The  example  in  Fig.  3  is  typical  of  sum- 
mer daytime  in  temperate  latitudes.  During  winter  daytime 
in  these  latitudes,  especially  near  sunspot  maximum,  the  Fi 
and  F2  layers  are  almost  completely  merged. 

The  maximum  electron  density  in  a  layer  and  the  angle  of 
incidence  of  the  radio  wave  upon  it  determine  the  maximum 
frequency  of  a  radio  wave  which  can  be  reflected  by  the 
layer.  For  reflection  at  vertical  incidence  this  frequency  is 
called  the  critical  frequency  of  the  layer. 

The  main  features  of  the  structure  and  the  diurnal,  sea- 
sonal, and  geographical  variations  of  the  D,  E,  and  Fi  layers 
are  adequately  explained  in  terms  of  the  ionization  produced 
by  absorption  of  ultraviolet  solar  radiation  and  the  rate  of 
recombination  of  the  ions.6  For  daytime,  diurnal,  seasonal, 
and  geographic  variations  of  electron  density  are  simply  re- 
lated to  the  angle  of  the  sun  above  the  horizon.  At  night, 
recombination  of  the  ions  is  the  controlling  factor. 

The  F2  layer  is  much  more  complex.  This  layer  exhibits 
strong  solar  control.  The  electron  density  builds  up  rapidly 
at  sunrise,  reaches  a  maximum  during  the  day,  and  decays  at 
night,  but  the  density  is  not  simply  related  to  the  sun's  zenith 
angle  and  at  night  does  not  behave  as  though  only  simple 
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Fig.  3  Solid  curve:  Typical  distribution  of  electron  density  with  height 
above  the  earth's  surface.  The  number  of  electrons  per  cubic  meter  is 
1.24  X  104  times  the  square  of  the  frequency  in  kilocycles.  Dashed 
curve:  Virtual  height  of  reflection  of  the  ordinary  wave  as  a  function 
of  frequency. 

recombination  were  controlling.  Also,  the  earth's  magnetic 
field  exerts  a  strong  influence  on  the  behavior  of  the  F2  layer, 
as  exemplified  by  radical  variations  in  characteristics  in  the 
vicinity  of  the  geomagnetic  equator.7 

All  the  layers  show  sunspot-cycle  variations,  those  of  the 
Fo  layer  being  greatest.  Noon  critical  frequencies  at  Wash- 
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ington,  for  example,  increase  by  a  factor  of  about  2  for  the 
Fa  layer  and  about  1.2  for  the  E  and  Fi  layers  between  sun- 
spot  minimum  and  sunspot  maximum. 

Besides  the  regular  variations,  the  layers  exhibit  impor- 
tant irregularities,  discussed  later  in  this  section.  The  type 
called  sporadic  E  results  in  reflection  of  waves  from  the  E 
region  at  frequencies  above  the  normal-E  critical  frequency, 
at  times  even  well  above  the  F2  critical  frequency. 

Propagation  of  Waves  by  the  Ionosphere'  A  greater  electron 
density  is  required  to  reflect  radio  waves  back  to  earth,  the 
higher  the  wave  frequency.  If  N  is  the  maximum  electron 
density  in  a  layer  of  the  ionosphere  (per  cubic  meter)  and  / 
is  the  critical  frequency,  i.e.,  the  maximum  frequency  at 
which  waves  sent  vertically  upward  are  reflected  back  to 
earth  (in  kilocycles  per  second),  /  =  \/N/12,400.  Waves 
of  all  frequencies  below  this  value  are  reflected,  but  those  of 
all  higher  frequencies  pass  upward  through  the  layer. 

This  relation  is  a  first  approximation.  Complication  is  in- 
troduced by  the  presence  of  the  earth's  magnetic  field.8  Upon 
entering  the  ionosphere,  the  wave  is  caused  by  the  magnetic 
field  to  divide  into  two  oppositely  rotating  elliptically  polar- 
ized components,  called  the  ordinary  and  extraordinary 
waves.  At  vertical  incidence  the  level  of  reflection  and  the 
critical  frequency  of  the  ordinary  wave  are  the  same  as 
though  no  magnetic  field  were  present.  The  extraordinary 
wave  is  reflected  at  a  lower  level,  and  its  critical  frequency 
is  somewhat  higher. 

The  structure  of  the  ionosphere  and  its  wave-propagation 
properties  have  been  explored  largely  by  means  of  a  radio 
pulse  method  first  applied  in  1925  by  Breit  and  Tuve.9  In 
this  method  short  radio  pulses  or  wave  trains  are  transmitted 
vertically  upward  and  received  on  a  nearby  receiving  set 
after  reflection  from  the  ionosphere.  The  time  required  for 
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the  pulses  to  travel  to  and  from  the  ionosphere  is  a  measure 
of  the  virtual  height  of  reflection.  Because  the  wave  is  re- 
tarded along  its  path  in  the  ionized  medium,  the  observed 
virtual  height  is  always  greater  than  the  actual  height  at 
which  reflection  takes  place.  Near  a  critical  frequency  the 
retardation  and  therefore  the  virtual  height  become  very 
great.  A  typical  curve  of  virtual  height  vs.  frequency  is 
shown  in  Fig.  3. 

Oblique  Incidence  The  upper  limit  of  frequencies  at  which 
waves  are  reflected  back  to  earth  is  greater  for  waves  enter- 
ing the  ionosphere  obliquely  than  for  waves  entering  verti- 
cally. The  oblique-incidence  limit,  called  the  maximum 
usable  frequency  (MUF)  is  approximately  the  vertical- 
incidence  limit  (the  critical  frequency)  multiplied  by  the 
secant  of  the  angle  of  incidence.  Another  form  of  the  rela- 
tion is  MUF  =  f(D2/4h2  +  I)*4  where  D  is  the  distance 
from  transmitter  to  receiver,  h  is  the  vertical  height  of  the 
reflecting  layer,  and  f°  is  the  critical  frequency.  For  great 
transmission  distances,  a  correction  is  required  because  of 
the  spherical  curvature  of  the  ionosphere. 

The  transmission  distance  corresponding  to  the  MUF  is 
called  the  "skip  distance."  It  is  the  minimum  distance  over 
which  that  frequency  is  receivable.  Thus,  there  is  a  zone 
around  the  transmitter  in  which  that  frequency  is  not  re- 
ceivable. In  this  zone,  that  or  any  higher  frequency  passes 
through  the  ionosphere  layer  instead  of  being  reflected  back 
to  earth. 

"Modes"  of  Propagation  Radio  waves  which  are  reflected 
back  to  earth  by  the  ionosphere  are  again  reflected  by  the 
earth  and  may  travel  all  the  way  around  the  earth  by  a  series 
of  reflections  between  ionosphere  and  earth,  provided  they 
do  not  encounter  a  region  of  the  ionosphere  for  which  the 
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skip  distance  is  greater  than  the  distance  between  succes- 
sive earth  reflections.  Because  of  the  earth's  curvature,  the 
limiting  distance  for  a  single  hop  is  approximately  2,000  km 
for  reflection  by  the  E  layer  and  about  4,000  km  for  reflection 
by  the  F2  layer.  Transmission  between  two  points  on  the 
earth's  surface  may  take  place  by  several  combinations  of 
hops  called  "modes"  of  propagation.  The  minimum  number 
is  that  for  which  the  length  of  each  individual  hop  is  no 
greater  than  about  4,000  km.  The  maximum  number  is  that 
for  which  the  length  of  each  individual  hop  is  not  less  than 
the  skip  distance.  Interference  between  waves  arriving  by 
two  or  more  modes  of  propagation  with  comparable  field 
strengths  produces  fading. 

Maximum  Usable  Frequency 

The  approximate  relation  MUF  =  f°(D2/4h2  +  I)*4  indi- 
cates the  way  the  MUF  depends  upon  distance  D,  virtual 
height  h,  and  critical  frequency  f°.  A  typical  variation  of 
MUF  with  distance  is  shown  in  Fig.  4.  It  is  based  on  the  iono- 
spheric layers  depicted  in  Fig.  3.  The  MUF  for  1-hop-E, 
1-hop-Fi,  and  l-hop-F2  modes  are  shown.  Note  that  in  this 
example,  although  the  F2  layer  controls  the  MUF  at  short 
and  long  distances,  the  E  layer  controls  at  intermediate  dis- 
tances. This  is  not  always  the  case,  however. 

Since  the  heights  of  the  E  and  Fi  layers  are  nearly  con- 
stant, MUF  variations  for  these  layers  at  a  fixed  distance 
depend  almost  entirely  on  the  critical  frequency  variation. 
The  height  of  the  F2  layer,  however,  does  vary  considerably. 
At  short  distances  the  effect  on  the  MUF  is  small  but  at  large 
distances  may  be  substantial.  At  Washington,  D.C.,  for  ex- 
ample, for  a  distance  of  3,000  km  the  F2-layer  MUF  factor 
(D2/4/i2  +  I)*4  for  undisturbed  conditions  varies  between 
about  2.5  and  3.5  depending  upon  the  time  of  day,  season. 


PROPAGATION    CHARACTERISTICS 

20 


71 


15 


10 


1000 


2000 
DISTANCE  -KILOMETERS 


3000 


4000 


F/g.  4  Variation  of  maximum  usable  frequency  (MUF)  with  distance 
for  the  layers  shown  in  Fig.  3.  Note  that,  whereas  the  Fl  and  F2  MUF 
curves  involve  the  extraordinary  wave,  the  E  MUF  curve  is  based 
solely  on  the  ordinary  wave.  The  extraordinary  wave  from  the  E  layer 
is  usually  too  greatly  weakened  by  absorption  to  be  usable. 

and  sunspot  number.  The  factor  is  somewhat  higher  in  win- 
ter than  in  summer  and  somewhat  higher  at  sunspot  minimum 
than  at  sunspot  maximum.  Diurnally,  the  highest  values  tend 
to  occur  near  sunrise  and  sunset. 

Although  the  true  nature  of  sporadic-E  reflections  is  not  yet 
well  understood,  the  MUF  factor  seems  to  be  about  the 
same  as  for  the  normal-E  layer. 

Regular  Variations,  E  and  Fi  Layers  The  regular  variations 
of  the  E  and  Fi  MUF  at  fixed  distances  are  almost  entirely 
due  to  critical  frequency  variations.  During  daylight  hours 
the  diurnal,  seasonal,  and  geographic  variations  of  the  latter 
are  quite  well  represented  by  the  function  /0°(cos  Z)1/4  where 
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/o°  is  the  critical  frequency  at  the  place  directly  beneath  the 
sun  (Z  =  0)  and  Z  is  the  zenith  angle  of  the  sun.  Typical 
diurnal  variations  for  each  of  these  layers  are  shown  in  Fig. 
5.  The  critical  frequency  rises  quickly  in  the  morning,  attains 
a  maximum  shortly  after  noon,  and  then  decreases  rapidly  as 
sunset  approaches.  The  Fi  critical  frequency  is  not  observed 
after  sunset  because  the  Fi  layer  then  merges  with  the  F2 
layer.  The  E  critical  frequency  is  difficult  to  observe  after 
sunset,  but  it  has  been  shown  that,  after  dropping  rapidly 
during  the  sunset  period  to  about  2  me,  it  decreases  slowly 
during  the  night,  reaching  a  minimum  of  about  1  me  in  sum- 
mer and  a  minimum  of  about  0.5  me  in  winter. 

For  a  given  value  of  the  solar  zenith  angle  the  critical  fre- 
quency is  proportional  to  sunspot  number  R  according  to  the 
relation 


All  the  regular  daylight  variations  of  these  layers  are  there- 
fore represented  by  fzR°  =  /oo°(l  +  0.002R)(cos  Z)", 
where  /oo°  is  the  value  of  the  critical  frequency  for  Z  =  0 
and  R  =  0.  For  the  E  layer  /oo°  is  about  3.5  me,  and  for  the 
Fi  layer  /oo°  is  about  4.5  me. 

Actually  none  of  the  characteristics  of  the  ionosphere 
which  vary  with  sunspot  number  correlate  well  with  indi- 
vidual daily  sunspot  numbers.  The  sunspots  are  not  the  cause 
of  ionosphere  variations  but  are  rather  symptoms  of  solar 
activity  which  affects  the  ionosphere.  Relatively  long-term 
(yearly)  averages  of  daily  sunspot  numbers  are,  however, 
good  indicators  of  solar  activity,  and  it  is  such  averages  that 
are  implied  by  the  symbol  R.  At  the  sunspot  maximum  of 
1947,  the  highest  in  the  history  of  reliable  sunspot  numbers, 
the  yearly  average  number  exceeded  150.  For  the  average 
cycle  the  maximum  is  about  90. 
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Fig.  5  Diurnal  variations  of  critical  frequencies  observed  at  Washing- 
ton, B.C.  (a)  June,  1942;  (b)  December,  1942. 
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During  the  last  maximum  the  E-layer  2,000-km  MUF  for 
Z  =  0  actually  exceeded  21  me.  As  far  away  from  the  equator 
as  Washington,  D.C.,  it  exceeded  19  me. 

Regular  Variations,  p2  Layer  Although  the  variations  in  the 
virtual  height  of  reflection  of  the  F2  layer  affect  the  MUF 
somewhat,  especially  at  the  longer  distances,  the  effect  of 
critical  frequency  variations  is  far  greater.  During  a  day  the 
critical  frequency  may  vary  by  a  factor  of  3  or  4,  and  the 
over-all  diurnal,  seasonal,  and  sunspot-cycle  variation  may 
amount  to  more  than  a  factor  of  6. 

The  diurnal,  seasonal,  and  geographical  variations  are 
markedly  different  from  those  of  the  other  layers.  Typical 
middle-latitude  diurnal  variations  are  shown  in  Fig.  5.  Note 
that,  in  this  case,  night  values  of  the  critical  frequency  are 
lower  in  winter  than  in  summer  but  day  values  are  higher 
in  winter  than  in  summer. 

Unlike  the  E  and  Fi  layers,  the  F2  layer  is  strongly  influ- 
enced by  the  earth's  magnetic  field.  In  the  Western  Hemi- 
sphere at  about  75°  W  longitude,  the  magnetic  equator  lies 
about  12  deg  south  of  the  geographic  equator  and  on  the 
opposite  side  of  the  earth  lies  about  12  deg  north  of  the  geo- 
graphic equator.  Along  the  same  geomagnetic  latitude  the 
F2  layer  has  similar  characteristics,  but  these  vary  markedly 
from  one  latitude  to  another  especially  near  the  geomag- 
netic equator.  At  places  having  the  same  geomagnetic  and 
geographical  latitudes,  the  characteristics  are  almost  iden- 
tical. 

The  amount  of  variation  of  ¥2  critical  frequencies  with 
sunspot  number  varies  widely,  depending  upon  the  time  of 
day,  season,  and  geographic  locations,  from  almost  zero  to 
more  than  a  factor  of  2  between  sunspot  minimum  and  maxi- 
mum. In  certain  cases  the  combination  of  a  small  critical 
frequency  variation  and  an  inverse  variation  of  the  MUF 
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factor  results  in  a  small  inverse  variation  of  the  MUF  with 
sunspot  number. 

To  illustrate  the  complexities  of  the  F2-layer  variations, 
predictions  of  zero  and  4,000-km  MUF  for  March,  1947,  are 
shown  in  Fig.  6.  These  predictions  refer  to  longitudes  near 
75°  W.  At  other  longitudes  the  contours  are  shaped  differ- 
ently, owing  to  the  longitude  effect  associated  with  the  earth's 
magnetic  field  mentioned  above.  Note  that  at  sunspot  maxi- 
mum the  4,000-km  MUF  reaches  40  me  in  middle  latitudes 
and  50  me  near  the  equator.  At  sunspot  minimum  the  4,000- 
km  MUF  is  limited  to  about  30  me  near  the  equator  and  to 
about  20  me  in  middle  latitudes. 

Near  the  geomagnetic  equator  there  is  a  strong  effect  of 
lunar  tides  on  the  F2  layer,10  which  produces  variations  in 
critical  frequency  of  as  much  as  30  per  cent. 

Day-to-day  Variations  of  MUF  Analysis  of  the  trends  of 
ionosphere  characteristics  measured  over  a  number  of  years 
at  many  places  on  the  earth  has  provided  the  basis  for  fore- 
casts of  the  monthly  average  or  median  values  of  these 
characteristics.  In  the  case  of  E-  and  Fi-layer  MUF  this 
amounts  to  a  forecast  of  daily  values,  as  their  departures 
from  the  monthly  values  are  usually  insignificant.  In  the  case 
of  the  F2  MUF  and  sporadic-E  MUF  the  daily  departures 
are  significant,  but  so  far  it  has  not  been  possible  to  forecast 
them  accurately.  The  statistical  dispersions  have,  however, 
been  studied  extensively.  To  a  rough  approximation,  the  dis- 
persion of  F2  critical  frequencies  or  MUF  is  such  that  during 
a  month  10  per  cent  of  the  values  lies  below  85  per  cent  of 
the  median  and  10  per  cent  lies  above  115  per  cent  of  the 
median.  A  rough  rule  of  thumb  for  sporadic-E  reflections  is 
that  the  frequency  exceeded  (at  vertical  incidence)  on  90 
per  cent  of  the  days  of  a  month  is  1  me  less  than  the  value 
exceeded  on  50  per  cent  of  the  days. 


76 


RADIO    SPECTRUM    CONSERVATION 


b         b        b        b 

CO  <fr  CM 

aofuatn 


Hinos 


PROPAGATION    CHARACTERISTICS 


77 


'So  2  § 

g  PH    rt 
-2    O  .S3 


•a  83. 

§U   .5 

^     «     qj 


•  rt  ni 


Hi 

?  ^    O  fe 

i  S£p 

^^   bO^ 


3f£     - 

I  If  I 

<u     ~  2  "O 


HldON 


78  RADIO    SPECTRUM    CONSERVATION 

Predictions  of  MUF  Maximum  usable  frequency  predic- 
tions based  on  trends  established  by  analysis  of  systematic 
ionosphere  measurements  made  at  a  large  number  of  sta- 
tions throughout  the  world  (the  present  number  is  about 
60)  are  available  in  a  regular  service  offered  by  ionospheric 
laboratories  in  several  countries.  In  the  United  States  the 
Central  Radio  Propagation  Laboratory  of  the  National  Bu- 
reau of  Standards  publishes  monthly  predictions  3  months 
in  advance,  which  are  widely  used  by  radio-communications 
companies,  government  users  of  radio  communications,  and 
amateurs.  - 


Field  Strength 

The  field  strength  of  the  downcoming  sky  wave  is  the  re- 
sultant of  the  field  strengths  of  all  the  separate  waves  arriving 
by  different  modes  of  propagation  (single  and  multiple  re- 
flections, or  hops).  The  waves  arriving  by  different  modes 
differ  not  only  in  direction  of  arrival  but  also  in  amplitude, 
phase,  and  state  of  polarization.  The  voltage  available  at  the 
antenna  terminals  due  to  an  individual  mode  depends  upon 
the  power  radiated  by  the  transmitter,  the  gain  of  the  trans- 
mitting antenna  in  the  direction  of  wave  departure,  the  dis- 
tance traveled  by  the  wave  (inverse  distance  attenuation), 
losses  by  scattering  and  absorption  at  ionosphere  and  earth 
reflections,  diffraction  caused  by  irregularities  in  the  reflect- 
ing medium,  focusing  effects  of  ionosphere  curvature,  skip 
focusing  near  the  skip  distance,  the  polarization  of  the  wave, 
and  finally  the  gain  of  the  receiving  antenna  in  the  direction 
of  arrival  of  the  wave.  Varying  irregularities  in  the  medium 
cause  fluctuations  in  the  amplitudes  and  polarization  of  indi- 
vidual modes;  this,  together  with  interference  between 
modes,  causes  fading  of  the  received  signal,  discussed  further 
under  Fading,  below.  Absorption  of  the  wave  energy  in  the 
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ionosphere  is  a  major  factor  determining  received  field 
strength. 

Ionospheric  Absorption  Absorption  of  energy  from  the 
radio  wave  takes  place  as  a  result  of  collisions  between  the 
molecules  of  the  atmosphere  and  the  electrons  which  have 
received  kinetic  energy  from  the  radio  wave.  The  degree  of 
energy  absorption  is  expressed  by  the  "absorption  coefficient," 
which  is  proportional  to  the  product  of  the  electron  density 
and  the  collision  frequency  and  approximately  inversely  pro- 
portional to  the  square  of  the  wave  frequency.  At  the  lower 
frequencies  during  daylight  hours,  absorption  is  the  princi- 
pal cause  of  the  attenuation  of  radio  waves  propagated  by 
the  ionosphere. 

Most  ionospheric  absorption  takes  place  in  the  D  region. 
Here  the  electron  density  is  not  so  high  as  in  the  E  and  F 
regions,  but  the  atmospheric  density  and  therefore  the  col- 
lisional  frequency  are  much  higher.  Since  the  electron 
density  in  this  region  is  simply  related  to  the  zenith  angle  of 
the  sun,  absorption  has  a  similar  relationship.  For  waves 
passing  entirely  through  the  absorbing  region,  the  variation 
of  the  absorption  is  quite  well  represented  simply  by  cos  Z 
(Z  =  solar  zenith  angle).11  At  night,  absorption  is  small,  and 
to  a  first  approximation  the  field  strength  is  independent  of 
the  frequency.  The  variation  with  distance  is  given  by  secant 
qpo,  where  qpz>  is  the  angle  of  incidence  at  the  absorbing  re- 
gion. The  solar  cycle  variation  is  given  by  the  factor 
( 1  +  0.005R ) ,  where  R  is  the  sunspot  number. 

The  following  table  of  estimated  median  field  strengths  5 
in  microvolts  per  meter  for  paths  centered  at  45°  latitude 
will  give  an  idea  of  the  effect  of  absorption  at  different  fre- 
quencies and  distances. 

The  power  is  the  equivalent  of  1  kw  radiated  from  an  iso- 
tropic  antenna.  The  paths  are  oriented  east-west,  and  the 
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time  of  day  is  noon  at  the  mid-point  of  the  path  for  the 
columns  headed  Day.  The  night  field  strength,  which  is 
approximately  independent  of  frequency,  is  given  in  the 
column  headed  Night.  The  values  given  are  for  summer  sun- 
spot  minimum  absorption  conditions.  In  order  to  show  ab- 
sorption variations,  effects  of  skip  at  the  higher  frequencies 
have  been  ignored. 

Day 

Night  3  me       5  me      10  me  15  me  25  me 

800km 

(500  miles)  100  0.3  1  50         75         90 

3,000  km 

(2,000  miles)  35  <10-3         lO'2          5         15         25 

8,000  km 

(5,000  miles)  8  <1Q-3      <1Q-3    3  X  10~2     1  4 

Day-to-day  Variations  of  Field  Strength  Besides  the  regu- 
lar predictable  diurnal,  seasonal,  and  solar-cycle  variations 
of  received  voltage,  there  are  irregular  unpredictable  day-to- 
day variations.  The  statistics  of  these  variations  and  their 
dependence  upon  frequency,  path  length,  time  of  day,  and 
season  have  been  studied  by  the  Central  Radio  Propagation 
Laboratory.  The  data  analyzed  were  hourly  median  values 
of  received  voltage  recorded  at  Washington,  D.C.,  during 
the  year  1944  from  transmissions  by  a  number  of  stations 
varying  in  distance  from  590  to  6,580  km  and  in  frequency 
from  770  to  15,310  kc.  The  average  ratio  of  the  value  ex- 
ceeded on  10  per  cent  of  the  days  of  the  month  at  a  particu- 
lar hour  of  the  day  to  the  value  exceeded  on  90  per  cent  of 
days  was  approximately  4.  The  variations  of  this  ratio  for 
different  transmission  paths,  hours  of  the  day,  and  months  of 
the  year  were  such  that  in  10  per  cent  of  the  cases  the  ratio 
was  less  than  2  and  in  10  per  cent  of  the  cases  greater  than  8. 
However,  the  ratio  showed  no  appreciable  dependence  upon 
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frequency,  distance,  or  time  of  day,  except  in  the  case  of 
paths  approaching  the  auroral  zone  for  which  the  ratio  was 
significantly  greater  than  for  other  paths.  The  results  for 
frequency  and  distance  variations  are  not  conclusive,  be- 
cause frequency  and  distance  were  correlated  in  the  data. 


Distance  Ranges 

Outside  the  skip  zone  the  field  strength  decreases  with  in- 
creasing distance  from  the  transmitter,  and  at  some  distance 
called  the  "distance  range,"  the  field  strength  becomes  too 
low  for  useful  communication.  This  distance  depends  upon 
many  variables.  It  depends  in  part  upon  the  radiated  power; 
the  higher  the  power,  the  greater  the  distance  range.  But 
the  rate  of  increase  of  distance  range  with  power  depends 
upon  the  rate  of  decrease  of  field  strength  with  distance.  At 
night,  when  the  rate  of  decrease  of  field  strength  with  dis- 
tance is  small,  a  given  increase  in  power  results  in  a  much 
greater  increase  in  distance  range  than  during  daytime, 
when  the  rate  of  decrease  of  field  strength  with  distance  is 
great. 

The  distance  range  also  depends  upon  the  minimum  re- 
quired field  strength,  which  is  a  function  of  the  radio  noise 
level  at  the  receiving  station  and  the  type  of  service  (radio 
telephone,  radio  telegraph,  etc.).  As  with  power,  the  effect 
of  a  change  in  the  required  field  strength  is  greater  at  night 
than  during  the  day. 

The  rate  of  decrease  of  field  strength  with  distance  is 
greater  for  low  frequencies  than  for  high  frequencies,  espe- 
cially during  the  day.  Consequently  a  given  change  in  power, 
or  in  required  field  strength,  produces  a  greater  change  in 
distance  range  at  a  high  frequency  than  at  a  low  frequency. 

The  distance  range  is  thus  a  complicated  function  of  the 
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power  and  of  all  the  variables  which  affect  field  strength  and 
required  field  strength,  i.e.,  frequency,  time  of  day,  season, 
sunspot  number,  degree  of  ionospheric  disturbance,  orienta- 
tion and  geographical  location  of  the  transmission  path,  and 
the  geographical  location  of  the  receiving  station. 

For  a  given  power  and  required  signal-to-noise  ratio  the 
variations  of  distance  range  may  be  summarized  as  follows : 

1.  Distance  ranges  increase  with  increasing  solar  zenith 
angle,  being  greater  at  night  than  during  the  day,  greater 
in  winter  than  in  summer,  and  greater  in  high  than  in  low 
latitudes  (barring  paths  through  the  auroral  zone  and  re- 
gions affected  by  ionospheric  storms). 

2.  For  transmitting  stations  located  in  intermediate  lati- 
tudes, distance  ranges  are  greater  in  directions  away  from 
the  equator  than  in  directions  toward  the  equator. 

3.  Distance  ranges  decrease  with  increasing  sunspot  num- 
ber. 

4.  Distance  ranges  increase  with  increasing  frequency. 

Limits  of  Usable  Frequencies  for  Fixed  Distances 

The  MUF  constitutes  the  upper  limit  of  the  band  of  frequen- 
cies useful  for  communication  over  a  fixed  distance.  This 
limit  is  practically  independent  of  the  power  of  the  trans- 
mitting station.  The  lower  limit,  or  lowest  useful  frequency 
(LUF),  is  the  frequency  below  which  the  signal-to-noise 
ratio  is  less  than  that  tolerable  in  the  type  of  communication 
employed.  Such  a  limit  usually  exists  because  the  field 
strength  of  the  desired  transmission  tends  to  decrease  with 
decreasing  frequency  while  that  of  atmospheric  radio  noise 
tends  to  increase  or  at  least  to  decrease  less  rapidly.  The 
lower  limit  is  a  function  of  the  transmitter  power,  the  re- 
quired bandwidth,  and  the  required  signal-to-noise  ratio. 
Specifically,  it  is  a  function  of  the  ratio  of  the  power  to  the 
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product  of  the  bandwidth  and  the  required  signal-to-noise 
power  ratio.  It  is  also  a  function  of  the  directional  pattern  of 
the  transmitting  antenna  and,  to  the  extent  that  it  controls  the 
signal-to-noise  ratio,  of  the  directional  pattern  of  the  receiv- 
ing antenna. 

For  a  given  power,  bandwidth,  and  minimum  required 
signal-to-noise  ratio,  the  LUF  varies  over  a  wide  range  as  a 
function  of  time  of  day,  season,  sunspot  number,  and  geo- 
graphical location,  all  of  which  affect  both  signal  and  atmos- 
pheric noise  levels,  and  of  transmission  distance,  which  also 
affects  the  signal  level.  The  LUF  is  typically  higher  during 
the  day  than  at  night,  higher  in  summer  than  in  winter, 
higher  in  low  latitudes  than  in  high  latitudes,  higher  at  sun- 
spot  maximum  than  at  sunspot  minimum,  and,  of  course, 
higher  at  long  than  at  short  distances.  Fortunately  the  MUF 
has  similar  variations,  so  that  the  range  of  useful  frequencies 
does  not  fluctuate  so  much  as  the  extremes. 

On  long  east-west  paths,  the  LUF  may  exceed  the  MUF 
at  certain  times  of  the  day  and  thus  make  communication 
impossible.  This  is  due  to  the  fact  that  the  MUF  for  the  path 
is  the  least  of  the  values  of  MUF  for  the  individual  hops  along 
the  path,  while  the  LUF  depends  upon  the  integrated  effect 
of  absorption  in  all  the  hops.  When  the  sun  rises  at  the  east- 
ern end  of  the  path,  absorption  and  LUF  begin  to  rise,  but 
the  MUF  does  not  begin  to  rise  until  the  sun  rises  on  the 
westernmost  hop.  The  LUF  may  exceed  the  MUF  in  this 
period.  This  situation  may  occur  again  near  sunset,  but  the 
tendency  is  weaker  because  the  MUF  does  not  decrease  so 
rapidly  at  sunset  as  it  increases  at  sunrise. 

A  result  of  the  diurnal,  seasonal,  and  sunspot-cycle  varia- 
tions in  MUF  and  LUF  is  that  in  most  cases  more  than  one 
frequency  must  be  provided  in  order  to  maintain  sky-wave 
communication  between  two  points  at  all  times  throughout 
the  day,  year,  and  sunspot  cycle. 
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Effects  of  Ionosphere  Irregularities 

Thus  far  the  regular  predictable  variations  of  ionosphere  and 
radio-propagation  characteristics  have  been  primarily  dis- 
cussed. Certain  irregularities  or  disturbances  which  have 
important  effects  on  radio  communication  will  now  be  de- 
scribed. In  middle  and  equatorial  latitudes  irregularities  are 
secondary  in  importance  to  the  regular  variations.  In  the 
auroral  regions,  however,  where  disturbances  are  frequent 
and  severe,  the  irregularities  are  the  main  features  of  the 
ionosphere  and  of  radio  propagation. 

Sporadic  E  One  of  the  most  prevalent  of  the  irregularities, 
which  is  not  yet  well  understood,  is  the  sporadic  occurrence 
of  a  condition  in  the  E  layer  which  reflects  waves  at  fre- 
quencies above  the  normal  E-layer  MUF.  The  character  and 
prevalence  of  this  condition  vary  widely.  In  low  latitudes 
sporadic  E  is  usually  a  relatively  weak  "partial''  reflection 
which  occurs  mainly  during  daytime.  At  higher  latitudes  it  is 
often  more  nearly  a  total  reflection  and  occurs  at  night  as 
well  as  during  the  day.  It  is  especially  prevalent  and  strong 
in  the  auroral  zone,  where  its  occurrence  is  correlated  with 
general  auroral-zone  disturbance.  Seasonally,  sporadic  E  is 
at  a  maximum  in  summer. 

Sporadic  E  accounts  for  sky-wave  transmission  up  to  higher 
frequencies  than  by  any  other  means.  Amateurs  working  in 
their  50-mc  band  occasionally  are  able  to  make  contacts  over 
considerable  distances  (up  to  the  limit  of  1-hop-E)  by 
sporadic-E  reflection.  Because  of  its  irregular  nature  sporadic 
E  usually  cannot  be  depended  upon  for  reliable  communica- 
tion. 

Scattered  Reflections  Irregularities  in  the  distribution  of 
ionization  cause  scattered  or  diffuse  reflection  of  radio  waves 
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in  contrast  to  the  mirrorlike  reflections  obtained  when  the 
distribution  is  smooth.  The  strongest  diffuse  reflections 
known  as  "spread  echoes"  occur  at  F-layer  levels,  at  times 
even  obscuring  the  normal  F-layer  reflections.  They  are 
mostly  observed  at  night,  especially  in  equatorial  regions, 
and  during  ionosphere  storms.  Scattering  of  much  weaker 
amplitude  occurs  in  the  E  region  at  all  times. 

Scattering  may  introduce  large  direction-finding  errors. 
Consider,  for  example,  a  sharply  beamed  transmission  aimed 
obliquely  upward.  A  direction  finder  located  within  the 
skipped  zone  of  the  transmitting  station  would  receive  waves 
scattered  from  the  area  where  the  beam  intersected  the  E 
region,  which  could  be  in  a  direction  up  to  180  deg  from  the 
direction  of  the  transmitting  station. 

Sudden  Ionosphere  Disturbances  Occasionally  a  sudden 
outburst  of  ultraviolet  light  on  the  sun,  known  as  a  solar  flare 
or  chromospheric  eruption,  produces  abnormally  high  ioniza- 
tion  densities  in  trie  D  region  which  result  in  a  sudden 
increase  in  radio-wave  absorption,  especially  at  the  lower  fre- 
quencies. It  has  negligible  effects  on  the  critical  frequencies 
and  heights  of  the  reflecting  layers,  but  the  reduction  of  re- 
ceived field  strengths  may  be  enormous.  This  phenomenon 
is  called  sudden  ionosphere  disturbance  (SID).12  It  often 
results  in  a  complete  loss  of  communications,  and  its  effects 
may  last  for  several  hours  in  severe  cases.  Since  the  SID  is 
produced  by  direct  ultraviolet  radiation,  it  never  occurs  on 
the  dark  side  of  the  earth. 

The  frequency  of  occurrence  of  SID  varies  with  the  sun- 
spot  cycle,  being  greatest  at  sunspot  maximum.  The  time  of 
occurrence  cannot  be  predicted  in  individual  cases,  but  it 
has  been  found  13  that  SID  tend  to  occur  in  groups  on  the 
same  day  or  successive  days  and  to  repeat  at  intervals  of  one 
or  more  solar  rotations. 
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To  give  an  idea  of  the  nuisance  value  of  the  SID,  the  fol- 
lowing data  on  SID  observed  at  Washington,  D.C.,13  are 
presented.  During  the  sunspot  maximum  year  of  1937  SID 
were  observed  on  84  days.  On  66  of  these  the  SID  was  classi- 
fied as  intense,  on  39  days  there  were  more  than  one  SID, 
and  on  33  days  the  SID  lasted  more  than  an  hour.  In  the  sun- 
spot  minimum  year  1944  the  corresponding  numbers  were 
only  5,  3,  0,  and  2.  In  the  sunspot  maximum  year  1947  they 
were  again  high,  121, 104,  54,  and  33. 

Ionosphere  Storms  In  medium  and  high  latitudes,  iono- 
sphere storms  are  the  most  troublesome  of  the  ionosphere 
irregularities.  They  may  occur  at  any  time  of  the  year  but 
have  a  noticeable  preference  for  the  equinoxes.  They  usually 
last  for  several  days— several  weeks  in  unusual  cases— and 
their  effects  are  felt  during  the  night  as  well  as  during  the 
daylight  hours. 

They  are  caused  by  charged  particles  from  the  sun.  Such 
particles  are  continually  bombarding  the  auroral  zones  (re- 
gions near  the  two  poles  of  the  earth ) ,  being  guided  in  along 
the  lines  of  the  earth's  magnetic  field.  The  influx  of  such 
particles  is  irregular.  When  it  increases  greatly,  the  influence 
extends  out  from  the  auroral  zones  to  lower  latitudes;  occa- 
sionally worldwide  ionosphere  storms  result. 

Except  in  the  auroral  zone  itself,  which  expands  during  a 
storm,  there  is  little  effect  on  the  E  layer  and  only  minor  effect 
on  the  Fi  layer,  but  the  F2  layer  is  profoundly  affected.  It  is 
greatly  expanded  and  diffused,  resulting  in  decreased  critical 
frequencies  and  increased  virtual  heights.  During  daylight 
hours  the  F2  critical  frequency  may  even  drop  below  the  Fi 
critical  frequency  (see  Fig.  5).  The  MUF  is,  of  course,  de- 
creased also.  Increased  turbulence  of  the  layers  results  in 
rapidly  fading  or  fluttering  signals,  and  received  field 
strengths  are  lower  (absorption  greater)  than  normal. 
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The  following  statements  summarize  the  results  ( obtained 
by  the  Central  Radio  Propagation  Laboratory,  unpublished ) 
of  analyzing  disturbed  conditions  resulting  from  ionosphere 
storms,  for  North  Atlantic  transmission  paths,  from  data  fur- 
nished by  a  number  of  radio  users  since  1944. 

1.  Disturbed  days  tend  to  occur  on  the  average  in  groups 
of  2  to  3  days. 

2.  The  percentage  of  the  days  of  the  year  which  are  dis- 
turbed varies  between  10  and  30. 

3.  The  percentage  of  disturbed  days  does  not  vary  sig- 
nificantly with  sunspot  number,  but  the  character  and 
distribution  of  disturbed  days  do  so  vary: 

a.  Individual  ionosphere  storms  are  of  greater  inten- 
sity at  sunspot  maximum,  but  because  of  the  greater 
range  of  useful  frequencies,  communication  is  not 
impaired  for  so  long  a  period  as  at  sunspot  mini- 
mum. 

b.  After  sunspot  maximum  and  extending  into  the 
minimum,  disturbed  days  have  a  pronounced  27- 
day  recurrence  tendency  and  effects  on  communi- 
cation are  more  lasting. 

Fading  The  five  types  of  fading  mentioned  in  Sec.  1  are  all 
encountered  in  sky-wave  propagation  in  the  2-  to  30-mc 
range.  Most  relatively  rapid  fading  is  the  result  of  a  combi- 
nation of  interference  fading  and  polarization  fading.  Both 
occur  even  when  only  one  mode  of  propagation  is  present, 
and  both  increase  in  rapidity  with  increasing  frequency. 

Besides  the  nuisance  effects  of  fading,  polarization  varia- 
tions may  introduce  large  errors  in  direction-finder  bearings. 
Special  precautions  in  design  and  operation  must  be  taken 
in  order  to  avoid  polarization  errors. 

The    correlation    between    fading    fluctuations    of    field 


88  RADIO    SPECTRUM    CONSERVATION 

strength  received  on  two  adjacent  antennas  decreases  rap- 
idly with  increasing  separation  of  the  antennas,  and  the  cor- 
relation of  fading  at  two  adjacent  frequencies  received  on 
the  same  antenna  decreases  rapidly  with  increasing  fre- 
quency separation.  Fading  may  therefore  be  reduced  by  the 
use  of  multiple  antennas  and  frequencies  ("diversity"  sys- 
tems ) . 


Radio  Noise 

The  reader  interested  in  comprehensive  information  and 
data  on  radio  noise  in  this  frequency  range  is  referred  to  the 
survey  published  in  1947  by  Thomas  and  Burgess.14 

Of  the  sources  of  noise  listed  in  Sec.  1,  atmospheric  noise 
is  most  important  throughout  the  greater  part  of  the  2-  to 
30-mc  range,  although  extraterrestrial  noise  may  become 
more  important  at  the  higher  frequencies  at  times  when  the 
operating  frequency  is  above  the  MUF  for  the  paths  between 
the  receiving  station  and  the  atmospheric  noise  centers.  As 
both  atmospheric  and  extraterrestrial  noise  are  of  the  random 
or  fluctuation  type,  their  nuisance  effect  is  a  function  of 
bandwidth  of  the  receiving  set. 

Below  30  me  radio  noise  from  the  sun  is  nearly  always 
much  weaker  than  galactic  noise.  The  main  source  of  galactic 
noise  appears  to  be  a  region  near  the  center  of  our  galaxy  in 
the  direction  of  the  Scorpio-Sagittarius  region  of  the  celestial 
sphere.  Thus  the  received  intensity  at  a  point  on  the  earth  de- 
pends upon  the  position  of  the  zenith  in  the  celestial  sphere. 
The  intensity  is  also  affected  by  ionospheric  shielding  and 
absorption.  A  typical  value  of  required  incident  field  strength 
for  intelligible  reception  of  radio  telephony  in  the  presence 
of  galactic  noise,  using  a  receiving  antenna  with  no  more 
directivity  than  a  half -wave  dipole,  is  approximately  0.4  \iv 
per  meter  between  15  and  30  me. 
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Geographic,  Time,  and  Frequency  Variations  The  charac- 
teristic variations  of  atmospheric  radio  noise  in  the  range  2 
to  30  me  are: 

1.  Higher  noise  levels  at  low  than  at  high  latitudes,  the 
difference  being  greater  during  the  day  than  at  night,  espe- 
cially at  the  lower  frequencies. 

2.  Higher  noise  levels  in  the  vicinity  of  land  masses  than 
over  oceans. 

3.  Higher  noise  levels  at  night  than  during  the  day,  espe- 
cially at  the  lower  frequencies. 

4.  Below  the  MUF  limitation,  noise  levels  tend  to  increase 
with  frequency  during  the  day,  decrease  with  frequency  at 
night. 

5.  In  temperate  latitudes  noise  levels  are  higher  in  sum- 
mer than  in  winter. 

These  characteristics  are  consonant  with  the  origin  of  at- 
mospheric radio  noise  in  thunderstorms  and  its  propagation 
to  great  distances  like  other  radio-frequency  fields. 

A  method  of  estimating  the  required  field  strength  for 
reliable  radio  reception  in  the  presence  of  atmospheric  radio 
noise  is  given  in  Chap.  8  of  ref.  5.  Because  of  limitations  of 
available  data  on  which  the  method  was  based,  its  accuracy 
is  not  great,  but  if  not  taken  too  literally,  it  offers  useful  indi- 
cations of  the  general  level  and  variations  of  atmospheric 
radio  noise  and  required  field  strength. 

To  illustrate  the  levels  and  variations  numerically,  values 
of  required  field  strength  for  radiotelephone  reception  in  the 
presence  of  atmospheric  noise,  obtained  by  the  above 
method,  are  listed  in  the  following  table.  The  values  are 
given  in  microvolts  per  meter  at  Washington,  D.C. 

Winter  Summer 


Noon      Midnight  Noon     Midnight 

2  me  0.10  40  0.35  71 

10  me  2.2  4.5  4.0  10 
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Day-to-day  Variations  Radio  noise  levels  at  a  given  place, 
season,  and  hour  of  the  day  vary  from  day  to  day.  It  has 
been  found  that  the  logarithm  of  the  hourly  average  noise 
field  strength  is  approximately  normally  distributed  during 
a  month,  with  a  dispersion  such  that  the  field  strength  ex- 
ceeded on  10  per  cent  of  the  days  is  approximately  2.2  times 
that  exceeded  on  50  per  cent  of  the  days. 


Communication  Efficiency  and  Uses  of  Frequencies  in 
This  Range 

The  principal  advantage  of  frequencies  in  this  range  is  that 
useful  long-distance  propagation  can  be  achieved  with  rela- 
tively low  transmitter  power.  When  the  transmission  path  is 
in  darkness  and  the  ionosphere  is  undisturbed,  all  frequen- 
cies below  the  MUF  are  propagated  to  long  distances,  but 
when  the  path  is  in  daylight,  only  the  higher  frequencies 
can  be  used  for  long-distance  communication  with  low  power. 
Disadvantages  of  the  band  are: 

1.  Because  of  the  continual  variations  of  the  limits  of  the 
band  of  frequencies  usable  for  communication  between  two 
points,  it  is  in  most  cases  necessary  to  have  available  more 
than  one  frequency,  often  three  or  four,  in  order  to  maintain 
relatively  uninterrupted  communication  throughout  the  day, 
year,  and  sunspot  cycle.  This  increases  the  amount  of  spec- 
trum space  required. 

2.  A  frequency  which  has  a  large  distance  range  also  has 
a  large  interference  range.  This  severely  limits  the  number 
of  transmitting  stations  over  the  earth  which  may  use  the 
same  frequency  simultaneously  without  creating  interference. 

3.  Long-distance  communication  in  this  frequency  range, 
depending  as  it  does  upon  ionospheric  reflection,  is  at  the 
mercy  of  ionospheric  disturbances.  Particularly  in  high  lati- 
tudes near  the  auroral  zone,  a  certain  amount  of  lost  time 
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during  severe  ionospheric  disturbances  is  inevitable,  and 
even  during  moderate  disturbances,  efficiency  may  be  im- 
paired. In  low  latitudes  the  effects  of  ionospheric  storms  are 
not  serious,  but  sudden  ionosphere  disturbances  during  day- 
light hours  cause  some  lost  time. 

4.  Even  under  undisturbed  conditions,  there  are  fading 
and  multipath  effects  which  limit  efficiency  and  the  speed  of 
intelligence  transmission.  Fading  can  be  offset  to  a  great  ex- 
tent by  the  use  of  diversity  systems  (multiple  antennas  and 
frequencies),  but  the  latter,  of  course,  require  additional 
spectrum  space.  Multipath  distortion  can  also  be  lessened 
somewhat  by  the  use  of  optimum  antenna  directivity  patterns 
and  a  frequency  near  the  MUF.  In  the  case  of  direction-find- 
ing systems,  polarization  effects,  multipath  effects,  and  non- 
great-circle  propagation  are  serious  problems.  In  navigational 
systems,  accuracy  suffers  from  changing  delay  times  and  the 
presence  of  multiple  modes  of  propagation  with  a  wide  range 
of  delay  times.  For  such  systems  operating  beyond  the 
ground-wave  range,  the  lower  frequencies  in  the  band  which 
are  propagated  by  E-layer  reflections  are  probably  best. 


2.5    PROPAGATION  CHARACTERISTICS  OF  THE 
SPECTRUM  FROM  30  TO  3,000  MC 

General 

This  very  wide  band  of  frequencies  is  the  oldest  of  the  entire 
radio  spectrum;  it  was  here  that  Hertz  about  1885  produced 
the  first  man-made  electromagnetic  waves  and  it  was  here 
also  that  Marconi,  a  decade  later,  conducted  his  first  experi- 
ments in  "wireless."  Old  as  this  band  is,  its  practical  use  is 
fairly  recent,  for  it  was  little  more  than  a  decade  ago  that  it 
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came  into  general  use.  This  band  is  distinguishable  from 
others  previously  discussed  in  that  it  cannot  in  general  be 
relied  upon  for  transmission  to  great  distances.*  There  are, 
however,  numerous  occasions,  particularly  at  the  lower  fre- 
quencies, when  it  can  be  so  used.  More  often,  however,  long- 
distance signals  of  this  kind  constitute  potential  sources  of 
interference.  Cases  of  transmission  to  great  distances  decrease 
rapidly  with  frequency  and  become  negligible  at  a  frequency 
around  80  me. 

At  the  higher  frequencies  of  this  band,  atmospheric  noise 
is  relatively  low.  Also  these  frequencies  permit  the  use  of 
moderately  high  antenna  directivities  and  the  transmission  of 
broad  bands  of  communications.  Together,  these  character- 
istics tend  to  make  this  band  very  useful,  particularly  where 
small  or  moderate  distances  are  to  be  covered. 

It  was  hoped  in  the  early  days  of  the  exploitation  of  this 
band  that,  since  the  ionosphere  played  no  very  important 
part  in  propagation,  transmission  in  this  band  would  be  very 
stable.  While  this  is  generally  true,  there  are,  as  we  shall  later 
see,  numerous  exceptions.  The  mechanisms  which  lead  to 
instability  are  discussed  more  fully  below. 

Mechanisms  of  Propagation  Substantially  all  the  mecha- 
nisms of  radio  propagation,  reflection,  refraction,  diffraction, 
and  scattering  as  well  as  guided  propagation  play  a  part  in 
this  frequency  range.  At  the  lower  end  of  the  range,  the  iono- 
sphere is  occasionally  sufficiently  dense  to  return  waves  to 
earth,  particularly  at  great  distances.  This  band  therefore 
has  properties  in  common  with  those  covered  by  the  two 
previous  sections.  Also  at  the  lower  frequencies  of  this  band, 

*  Since  this  manuscript  was  prepared,  numerous  experiments  have  con- 
firmed the  occurrence  of  omnipresent  signals  well  beyond  the  horizon  such 
as  those  predicted  by  the  scattering  theory  of  Booker  and  Gordon.  These 
tropospherically  propagated  signals  appear  to  occur  over  almost  the  entire 
frequency  range  under  consideration. 
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ground  reflection  is  particularly  important.  It  will  be  remem- 
bered that,  for  certain  antenna  heights,  the  ground-reflected 
wave  tends  to  cancel  the  direct  wave,  while  for  others  there 
is  reinforcement,  so  that  some  antenna  heights  result  in  more 
efficient  transmission  than  others. 

It  was  pointed  out  in  Sec.  2.1  that,  on  the  average,  the  den- 
sity of  the  earth's  atmosphere  and  also  its  dielectric  constant 
decrease  with  height  above  earth,  with  the  practical  result 
that  radio  waves  in  this  frequency  range  tend  to  follow  the 
curvature  of  the  earth.  The  radius  of  curvature  turns  out  to 
be  about  four  times  the  earth's  curvature.  For  this  case  the 
relative  curvature  is  1  --  J4  —  34-  Facts  are  correctly  repre- 
sented if  we  assume  rectilinear  propagation  over  an  earth 
whose  radius  is  four-thirds  of  the  earth's  actual  radius.  This 
effect  tends  to  make  the  range  of  a  transmitter  slightly 
greater  than  the  horizon  distance.  The  atmosphere  that  has 
this  distribution  of  dielectric  constant  is  called  a  "stand- 
ard atmosphere"  and  the  gradient  is  called  a  "standard 
gradient." 

It  is  of  interest  that  the  properties  of  the  earth's  atmos- 
phere do  not  always  vary  smoothly  with  altitude.  As  a  result 
of  an  unequal  heating  or  possibly  to  a  failure  of  the  air  to 
mix  freely,  discrete  layers  are  often  formed  with  more  or  less 
definite  interfaces  between.  If  the  change  in  properties  in 
the  interface  is  sufficiently  rapid,  the  latter  may  become  a 
reflecting  discontinuity.  At  other  times,  there  may  be  three- 
dimensional  air  masses  having  somewhat  different  dielectric 
constants  from  the  surrounding  air.  There  is  evidence,  too, 
that,  on  occasion,  the  dielectric  constant  of  the  air  near  the 
earth  may  be  less  rather  than  greater  than  that  directly  above. 
This  effect  is  known  as  an  inversion. 

Deviations  of  the  kind  just  referred  to  account  for  certain 
vagaries  of  propagation  discussed  in  this  and  also  in  the 
succeeding  section.  One  interesting  example  is  the  phenome- 
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non  of  guided  propagation,  which  may  occur  when  the  rate 
of  change  of  index  of  refraction  in  an  inversion  is  so  great 
that  waves  are  bent  repeatedly  back  to  earth  for  successive 
earth  reflections.  Radio  waves  may  be  propagated  to  great 
distances  by  this  mechanism.  This  phenomenon  will  be  dis- 
cussed more  at  length  later. 

Deviation  from  standard  gradient  of  the  index  of  refraction 
does  not  always  improve  radio-wave  propagation.  For  ex- 
ample, an  abrupt  change  in  the  gradient  can  bend  the  waves 
in  such  a  way  that  there  are  regions  to  which  very  little 
energy  is  propagated.  Specifically  when  the  direct  wave  be- 
tween two  aircraft  in  flight  barely  goes  through  this  change 
in  the  gradient,  there  may  be  a  reduction  in  the  received  field 
strength  by  as  much  as  a  factor  of  10  (20  db). 

Another  type  of  deviation  important  in  this  frequency 
range  is  the  irregular,  though  small,  variation  due  to  atmos- 
pheric turbulence.  These  fluctuations  in  the  dielectric  con- 
stant of  the  atmosphere  are  a  cause  of  fading  of  the  radio 
signal.  Irregularities  in  the  atmosphere  may  also  scatter  the 
wave.  Sometimes  small  but  nevertheless  measurable  scatter- 
ing is  observable  at  distances  far  beyond  that  at  which  any 
signal  could  otherwise  be  received. 

The  mechanism  of  diffraction  plays  its  major  role  in  this 
frequency  range.  At  the  lower  frequencies  (longer  wave- 
lengths) the  bending  of  the  waves  into  the  shadow  region 
of  the  obstacle  (the  earth)  is  sufficiently  complete  that  a  good 
approximation  is  to  assume  the  earth's  surface  plane.  At  the 
higher  frequencies  (shorter  wavelengths)  the  effect  of  dif- 
fraction is  very  much  less,  so  that  the  bending  of  the  waves 
into  the  shadow  of  the  obstacle  (the  earth)  is  sufficiently 
slight  that  propagation  beyond  the  radio  horizon  by  this 
mechanism  is  relatively  unimportant.  In  this  frequency  range, 
however,  neither  of  these  two  extremes  forms  a  good  ap- 
proximation to  the  actual  propagation  conditions,  and  the 
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amount  of  bending  resulting  from  diffraction  must  be  deter- 
mined by  more  exact  means. 

Some  of  the  polarization  effects  prevalent  at  the  lower 
frequencies  are  also  present  in  the  frequency  range  under 
consideration.  The  reflection  coefficient  of  the  ground  (and 
objects  in  the  propagation  path)  is  greater  for  the  compo- 
nent wave  having  its  electric  vector  parallel  to  the  reflecting 
surface  than  for  the  component  having  its  electric  vector 
perpendicular  thereto.  The  angular  distribution  of  energy 
scattered  by  atmospheric  turbulence  also  depends  upon  the 
polarization,  since  the  scatterer  may  be  visualized  as  a 
dipole  oscillating  parallel  to  the  electric  vector  of  the  inci- 
dent wave  whose  reradiation  has  the  directional  character- 
istics of  this  dipole. 

As  throughout  the  frequency  spectrum,  so  in  this  fre- 
quency range,  there  are  phenomena  which  contribute  to  the 
distortion  of  the  signal.  Atmospheric  turbulence  is  continu- 
ally contributing  to  short-time  variations  of  the  signal  ampli- 
tude. Also  multiple-path  transmission  may  produce  fading 
in  one  part  of  a  communications  channel  relative  to  other 
parts.  This  results  in  the  transmitting  medium  not  only  at- 
tenuating the  signal  and  introducing  a  background  noise  but 
also  distorting  the  desired  signal.  When  it  is  desired  to  trans- 
mit the  maximum  amount  of  information  in  any  given  fre- 
quency band  in  a  specified  time,  this  distortion  may  be  an 
even  more  important  limitation  than  the  signal-to-noise  ratio. 
Certain  of  these  phenomena  will  be  discussed  further  below. 

Ground-wave  Propagation 

In  this  frequency  range,  it  is  common  experience  to  find  that 
the  power  radiated  from  an  elevated  antenna  varies  over  a 
smooth  terrain  inversely  as  the  square  of  the  distance.  The 
tances  at  which  this  applies  depend  on  the  frequency  and 
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antenna  heights.  At  greater  distances  the  rate  of  decrease 
rapidly  becomes  exponential.  Well  within  the  horizon,  the 
interference  between  the  direct  and  ground-reflected  wave 
produces  a  series  of  maxima  and  minima.  The  field  strengths 
in  these  regions  are  complicated  functions  of  the  conductivity 
and  dielectric  constant  of  the  earth.  Also  actual  terrain  varies 
markedly  from  that  assumed  above.  Thus  the  application  of 
the  science  of  propagation  in  this  frequency  region,  like  that 
in  other  regions  already  discussed,  is  rather  complicated. 

Attempts  to  calculate  the  field  strength  prevailing  at  a  dis- 
tance from  a  transmitter  have  met  with  varying  degrees  of 
success.  All  involve  simplifications  which  at  best  are  only 
approximated  in  practice.  In  one  simplification  the  earth's 
surface  is  assumed  to  be  a  perfectly  homogeneous  sphere 
surrounded  by  a  homogeneous  atmosphere.  Even  this  is 
complicated  mathematically.  It  resisted  attack  for  a  period 
of  a  decade  or  so,  until  Watson  l  in  1919  took  an  important 
simplifying  step  by  expressing  the  solutions  as  a  rapidly  con- 
verging exponential  series.  Later  investigators  introduced  the 
effect  of  different  electrical  properties  of  the  ground  and  the 
effect  of  the  uniform  decrease  in  the  dielectric  constant  of 
the  atmosphere  with  height.2  A  better  understanding  of  this 
very  difficult  problem  may  be  had  by  considering  a  series  of 
idealizations  of  increasing  theoretical  complexity. 

The  simplest  idealization  is  that  of  propagation  between 
two  vertical  antennas  above  a  perfectly  conducting  plane.3 
The  effect  of  the  plane  is  to  introduce  a  reflected  wave  in 
addition  to  the  direct  wave.  This  reflected  wave  is  the  same 
as  would  be  received  from  the  mirror  image  of  the  transmit- 
ter, so  that,  for  antennas  in  contact  with  the  plane,  the  re- 
ceived field  strength  is  exactly  twice  that  from  an  antenna 
carrying  the  same  current  located  in  free  space.  As  a  result 
of  the  reaction  between  the  image  of  the  antenna  and  the 
antenna  itself,  its  impedance  is  changed,  so  that  the  power 
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transfer  between  two  vertical  antennas  above  a  perfectly 
conducting  plane  is  the  same  as  that  in  free  space.  At  suffi- 
cient distances  it  is  possible  to  raise  the  antenna  height  while 
at  the  same  time  obtaining  the  benefit  of  the  image  of  the 
ground  as  far  as  received  field  strength  is  concerned,  so  that 
the  received  power  for  vertical  antennas  whose  height  above 
the  ground  is  large  compared  with  the  wavelength  and  whose 
distance  apart  is  large  compared  with  the  antenna  height  is 
four  times  that  for  the  same  antenna  in  free  space.  The  path 
difference  between  the  direct  and  reflected  waves  may  be- 
come of  the  order  of  a  wavelength  or  more,  in  which  case 
the  interference  pattern  between  the  direct  and  reflected 
wave  already  referred  to  will  occur. 

The  next  degree  of  complexity  is  to  consider  the  perfect 
reflecting  plane  to  be  replaced  by  one  which  has  the  same 
electrical  properties  as  the  actual  ground.3  When  this  is  done, 
the  field  strength  is  still  inversely  proportional  to  the  dis- 
tance for  short  distances  but  becomes  inversely  proportional 
to  the  square  of  the  distance  for  larger  distances.  The  transi- 
tion between  these  two  relationships  occurs  at  a  distance 
which  is  equal  to  the  complex  dielectric  constant  of  the 
ground  times  the  wavelength  divided  by  2-r:  for  vertical 
polarization.  For  horizontal  polarization  the  inverse  square 
relationship  starts  in  the  immediate  vicinity  of  the  antenna. 
Some  of  the  relationships  described  in  this  and  the  preceding 
paragraph  are  shown  graphically  in  Fig.  7  below. 

The  next  complexity  to  be  added  to  the  approximation  to 
actual  propagation  conditions  is  to  take  into  consideration 
the  curvature  of  the  earth.  The  shadow  factor,  which  repre- 
sents the  quantity  by  which  the  field  for  propagation  over 
an  imperfectly  conducting  plane  must  be  multiplied  to  ob- 
tain the  field  for  propagation  over  a  sphere,  is  a  function  of 
the  distance,  frequency,  radius  of  the  earth,  ground  con- 
stants, and  polarization.  Up  to  a  certain  distance  the  effect 
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Fig.  7  Path  gain  as  a  function  of  distance  for  propagation  on  a  fre- 
quency of  30  me  between  two  vertical  antennas  100  meters  above  a 
smooth  spherical  earth  with  a  relative  dielectric  constant  of  4  and  a 
conductivity  of  10~2  mho  per  meter,  under  conditions  of  standard 
refraction. 

of  the  earth's  curvature  is  negligible.  At  greater  distances 
the  field  drops  off  exponentially.  For  a  more  precise  state- 
ment see  The  Effect  of  the  Earth's  Curvature  on  Ground- 
wave  Propagation  by  Burrows  and  Gray.4  The  results  of  the 
above  analysis  are  further  summarized  in  the  following  sec- 
tions. 

If  as  a  final  complexity  we  introduce  the  effect  of  hills  and 
other  intervening  objects,  the  problem  becomes  very  compli- 
cated indeed.  Irregular  terrain,  with  no  pronounced  hills, 
may  be  approximated  by  fitting  an  average  sphere  to  the 
actual  terrain.4  If  there  is  a  single  intervening  hill,  an  ap- 
proximation may  be  had  by  assuming  that  the  received  wave 
is  made  up  of  several  components,  each  accounted  for  by 
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particular  features  of  the  terrain.5  Other  approximations  have 
been  formulated,6  each  quite  useful  in  establishing  magni- 
tudes of  expected  results  but  hardly  applicable  to  specific 
problems.  In  view  of  this  situation  the  practical  engineer 
confronted  with  a  special  problem  will  probably  feel  that  it 
is  better  to  exercise  good  engineering  judgment  followed  by 
an  experimental  verification  than  to  rely  entirely  on  calcula- 
tion. 


Communication  Efficiency 

The  ratio  of  the  power  received  by  an  antenna,  Pr,  to  that 
transmitted  by  a  similar  antenna,  Pt,  is  a  significant  quantity 
called  the  "radio  gain/'  7  It  is  a  measure  of  the  communica- 
tion efficiency.  For  two  doublets  located  in  free  space  (this 
is  called  the  free  space  gain  )  : 
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where  X  is  wavelength  and  d  is  distance,  both  measured  in 
the  same  units.  This  indicates  that,  for  transmission  in  free 
space  with  nondirective  antennas,  the  gain  is  inversely  pro- 
portional to  the  square  of  the  distance  measured  in  wave- 
lengths. The  above  relationship  applies  specifically  to  non- 
directive  doublets.  For  directive  antennas  having  an  effective 
area  A,  Eq.  (1)  becomes 
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As  mentioned  earlier,  the  formulas  also  apply  to  the  paths 
between  vertical  antennas  above  a  perfectly  conducting 
plane.  If  the  conductivity  of  the  plane  is  not  perfect,  how- 
ever, the  inverse  square  of  distance  relationship  merges  into 
an  inverse  fourth-power  distance  relationship.  This  occurs 
at  a  distance  which  depends  upon  the  ground  constants. 
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Returning  to  doublet  antennas  as  a  reference,  the  radio 
gain  is  a  function  only  of  the  transmission  path,  frequency 
and  polarization  and  accordingly  is  called  path  gain.  For 
antennas  raised  above  a  certain  height  which  also  depends 
upon  the  ground  constants,  there  is  a  range  of  heights  h 
and  distances  d  for  which  the  path  gain  is  given  by  the 
following  equation: 

ft  (3h*V 
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This  indicates  that,  in  this  range,  the  communication  effi- 
ciency varies  inversely  as  the  fourth  power  of  the  ratio  of 
height  to  the  distance  and^is  independent  of  frequency. 

Figure  7  illustrates  how  these  and  other  relationships  cal- 
culated by  the  above-mentioned  theory  apply  to  propaga- 
tion for  one  representative  set  of  conditions.  It  illustrates 
the  inverse  square  of  distance  relationship,  Eq.  (1),  which 
holds  for  short  distances.  This  is  followed  at  a  somewhat 
greater  distance  by  the  interference  fringes  that  result  from 
the  interaction  between  the  direct  wave  and  that  reflected 
from  the  ground  within  the  line  of  sight.  Further  on  there 
is  the  inverse  fourth-power  relationship,  while  at  the  extreme 
right  there  is  the  effect  of  the  earth's  curvature. 

Equation  (2)  indicates  that,  for  services  where  directivity 
is  possible,  the  communication  efficiency  in  free  space  in- 
creases with  the  frequency  (  inversely  with  the  wavelength  ) 
for  antennas  of  equal  size.  The  advantage  of  the  higher  fre- 
quencies is  increased  still  further  when  the  effect  of  reflec- 
tion from  the  earth's  surface  is  taken  into  consideration.  This 
suggests  that,  in  order  to  take  full  advantage  of  these  rela- 
tionships, services  requiring  omnidirectional  antennas  such 
as  broadcasting  should  be  assigned  frequencies  near  the 
lower  end  of  this  range,  while  services  permitting  the  ex- 
ploitation of  highly  directive  antennas  such  as  point-to- 
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point  communication  should  be  assigned  the  higher  fre 
quencies  in  the  range. 


Modifying  Effects 

The  above  summarizations  assume  average  transmission 
conditions.  As  already  pointed  out,  there  are  various  meteoro- 
logical effects  which  may  materially  modify  these  conditions. 
A  few  that  are  of  special  importance  are  noted  below. 

Air  Masses  There  is  a  form  of  fading  which  frequently  oc- 
curs in  this  frequency  range  that  can  best  be  explained  by 
assuming  that  the  received  signal  arrives  by  two  or  more 
paths,  as,  for  example,  by  ground  reflection,  and  that  the 
effective  lengths  of  these  various  paths  vary  differentially 
with  time.  This  leads  to  two  or  more  components  of  the  re- 
ceived signal,  each  varying  in  phase  to  produce  at  the  re- 
ceiver a  resultant  signal  of  variable  amplitude.  This  type 
of  fading  can  be  caused  by  air  masses  of  slightly  different 
dielectric  constant  from  the  surrounding  air  passing  through 
one  or  another  of  the  several  paths.  Air  masses  of  this  kind 
are  well  known  in  meteorology.  Fading  of  this  type  may  be 
very  rapid,  but  more  often  the  variations  may  extend  over 
several  minutes  or  even  hours.  It  can  be  mitigated  by  the  use 
of  automatic  gain  control  at  the  receiver  and  corresponding 
increases  of  power  at  the  transmitter. 

Effects  of  Elevated  Layers  Besides  the  inversion  layer  that 
may  on  occasion  be  found  near  the  earth  to  trap  waves  and 
propagate  them  to  great  distances,  there  may  be  elevated 
layers  of  air  having  dielectric  constants  appreciably  different 
from  the  layers  immediately  above  or  below.  The  interfaces 
between  these  layers  may  provide  a  sufficient  discontinuity 
to  reflect  radio  waves  in  this  frequency  range.  Under  certain 
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conditions  an  abrupt  change  in  the  vertical  gradient  of  the 
dielectric  constant  of  the  atmosphere  may  result  in  a  sub- 
stantial decrease  in  the  received  field  strength  over  an  appre- 
ciable range  of  distances.  This  has  been  observed  in  the 
propagation  between  aircraft  under  such  conditions  that  the 
direct  path  between  the  two  craft  barely  penetrates  the  layer 
of  the  increased  negative  vertical  dielectric  constant  gradient. 
Under  these  conditions  there  is  a  range  of  distances  for 
which,  on  the  basis  of  geometrical  optics,  no  rays  penetrate. 
This  effect  has  been  observed  throughout  the  frequency  range 
covered  in  this  section. 

Turbulence  8  Even  a  "well-mixed"  atmosphere  may  not  be 
entirely  homogeneous.  The  very  turbulence  that  produces 
the  mixing  provides  deviations  in  the  dielectric  constant  from 
the  mean.  The  scale  of  these  deviations  is  of  the  same  order 
of  magnitude  as  the  turbulent  eddies.  Radio  waves  are  scat- 
tered by  the  deviations  from  the  mean  of  the  dielectric  con- 
stant which  result  from  this  turbulence.  While  the  amount  of 
energy  scattered  by  a  unit  volume  of  the  atmosphere  is  negli- 
gibly small,  the  total  integrated  effect  produces  a  signal  which 
predominates  over  the  weak  signal  that  would  be  diffracted 
around  the  earth's  curvature  under  standard  conditions  at 
the  greater  distances.  As  a  result  of  atmospheric  scattering 
in  the  troposphere,  the  field  that  would  cause  interference 
with  other  services  operating  on  the  same  frequency  is  not 
the  field  of  the  standard  propagation  but  is  greater  than  this 
as  a  result  of  atmospheric  scattering.  This  scattered  field 
comes  from  a  direction  somewhat  above  horizontal. 

Ionospheric  Scattering  The  scattering  theory  of  Booker 
and  Gordon 8  has  been  extended  to  the  ionosphere  by 
Booker.9  His  theory  predicts  long-range  ionospheric  com- 
munication at  VHF  up  to  ranges  of  1,200  miles.  Experi- 
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meats  10  have  confirmed  the  existence  of  such  propagation 
at  50  me  per  sec  at  a  range  of  780  miles.  Signals  are  always 
present  and  increase  during  sudden  ionospheric  disturb- 
ances. 

Atmospheric  Ducts  —  Guided  Propagation  As  already 
pointed  out,  special  meteorological  conditions  may  lead  to  a 
steep  gradient  in  the  dielectric  constant  gradient  at  points 
near  the  earth.  This  gradient  may  on  occasion  be  so  steep 
that  the  wave  is  repeatedly  bent  back  to  earth  for  a  succes- 
sion of  reflections.  This  results  in  a  small  but  very  significant 
portion  of  the  wave  being  trapped  in  a  thin  layer  near  the 
earth,  through  which  it  is  propagated  with  relatively  little 
attenuation.  The  phenomenon  is  not  unlike  that  of  wave- 
guide transmission,  particularly  the  form  in  which  waves 
are  propagated  through  a  dielectric  slab. 

Since  in  this  case  the  earth  provides  one  of  the  two  guid- 
ing discontinuities  and  ground  scattering  may  be  appreciable 
at  the  higher  frequencies,  we  may  expect  guided  propaga- 
tion to  be  more  prevalent  at  200  than  at  10,000  me.  This  ap- 
pears to  be  the  case.  One  rather  interesting  example  of  duct 
propagation  was  noted  during  World  War  II,  when  a  radar 
station  at  Bombay,  India,  observed  reflections  from  the  coast 
of  Arabia  3,000  km  ( 1,800  miles )  away.  Although  at  this  loca- 
tion duct  effects  were  noted  so  frequently  as  to  be  almost 
consistent,  there  are  many  stations  at  which  the  phenomenon 
is  almost  unknown.  Duct  propagation  has  been  observed  at 
various  times  and  places  over  a  wide  range  of  frequencies, 
even  to  frequencies  of  10,000  me.  In  general,  however,  it  is 
so  rare  that  it  is  not  relied  upon  as  a  practicable  medium  of 
propagation. 

Conditions  favorable  for  duct  transmission  seem  to  be  an 
increase  of  dielectric  constant  near  the  earth  caused  by  a  de- 
crease in  air  temperature  or  an  increase  in  moisture  content, 
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or  both.  This  may  occur,  for  example,  when  cool  air  blows 
over  a  warm  sea  as  in  a  trade- wind  belt.  It  may  be  caused  also 
on  clear  quiet  nights  when  the  surface  of  the  earth  and 
nearby  layers  of  air  are  chilled  by  radiation.  Still  another 
mechanism  is  subsidence  inversion.  This  may  occur  where 
dry  air  for  extreme  heights  merely  settles  to  lower  levels 
without  acquiring  heat  in  the  process.  Subsidence  inversion 
is  usually  associated  with  areas  of  high  atmospheric  pressure. 

Radio  Noise 

As  in  other  portions  of  the  radio  spectrum,  so  in  this  band, 
noise  plays  an  important  role.  The  various  components  of 
noise,  including  atmospheric,  ignition,  resistance,  and  extra- 
terrestrial sources,  are  discussed  below. 

Atmospheric  Noise  The  atmospheric  noise  at  any  location 
is  the  integrated  effect  of  thunderstorms  throughout  the 
world.  The  radiation  from  these  natural  transmitters  is  sub- 
ject to  the  same  laws  of  propagation  as  affect  the  desired  sig- 
nal. Since  in  this  frequency  band  such  waves  are  propagated 
only  moderate  distances,  we  may  expect  atmospheric  noise 
to  be  generally  low.  This  is  the  case.  Such  atmospheric  noise 
as  prevails  is  usually  due  to  local  thunderstorms  and  appears 
generally  as  sharp  clicks.  In  general,  atmospheric  noise  de- 
creases with  increasing  frequency,  becoming  negligible  at 
the  HF  end  of  the  band. 

Industrial  Noise  When  currents  flowing  in  ordinary  circuits 
are  interrupted,  transients  are  set  up.  If  conditions  are  favor- 
able, as  in  ignition  systems,  power  will  be  radiated  as  noise 
to  become  a  potential  source  of  interference.  Other  sources 
of  such  noise  result  from  the  turning  on  and  off  of  motors 
and  lights  and  from  diathermy  machines,  X-ray  equipment, 
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and  electronic  equipment.  Since  ignition  systems  have  reso- 
nances in  the  frequency  range  covered  by  this  section,  they 
may  be  expected  to  constitute  one  of  the  more  important 
sources.  This  is  particularly  important,  since  mobile  services 
such  as  those  used  on  aircraft  and  automobiles  are  accom- 
modated in  this  band.  Their  effects  are  usually  minimized 
either  by  altering  the  steepness  of  the  transient  or  by  a  suit- 
able shielding.  Most  industrial  noises  decrease  with  frequency 
and  are  relatively  small  at  frequencies  of  the  order  of  3,000 
me. 

Receiver  Noise  In  addition  to  the  sources  of  noise  just 
mentioned  there  are  certain  kinds  of  noise  that  arise  within 
the  receiver  itself.  One  form,  sometimes  referred  to  as  re- 
sistance or  Johnson  noise,  arises  in  the  early  circuits  of  the 
receiver  and  is  subject  to  any  amplification  that  follows. 
This  type  of  noise  may  be  reduced  by  a  suitable  reduction  of 
temperature,  but  it  follows  a  law  that  makes  cooling  gener- 
ally impracticable.  This  type  of  noise  appears  to  set  a  limit 
of  received  power  below  which  we  may  never  pass.  A  sec- 
ond source  of  noise  may  arise  in  the  first  detector  or  first 
amplifier  of  a  receiving  system.  In  this  band  of  frequencies 
this  type  of  noise  is  somewhat  greater  than  the  correspond- 
ing thermal  noise  just  referred  to.  Already  considerable  im- 
provement has  been  made  in  its  reduction,  and  further  prog- 
ress may  be  expected. 

Extraterrestrial  Radio  Waves  A  third  type  of  noise,  particu- 
larly important  at  frequencies  below  300  me,  is  due  to  radio 
waves  coming  from  the  galaxy  outside  the  solar  system.  The 
maximum  of  this  noise  comes  from  the  vicinity  of  Sagittarius 
in  the  Milky  Way.  It  is  sometimes  referred  to  as  galactic 
noise.  Certain  measurements  made  with  horizontal  half -wave 
antennas  located  a  quarter  wave  above  the  ground  have 
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shown  that  galactic  noise  is  about  20  times  that  of  the  thermal 
noise  in  the  receiver.  Directive  antennas  may  be  used  to  dis- 
criminate against  this  type  of  noise,  except,  of  course,  under 
particular  circumstances  when  the  Milky  Way  lies  in  the 
path  of  transmission. 

The  sun  emits  radio  waves  as  well  as  light  waves.  This 
type  of  noise  is  greater  at  frequencies  of  a  few  hundred  mega- 
cycles than  at  higher  frequencies  and  is  much  greater  at 
times  of  sunspots  than  during  quiescent  periods.  Its  magni- 
tude when  received  over  moderately  directive  antennas 
pointed  at  the  sun  is  somewhat  greater  than  the  noise  pre- 
vailing in  the  receiver.  Like  galactic  waves,  solar  waves  can 
ordinarily  be  discriminated  against  by  the  use  of  directive 
antennas. 


Utility  of  the  Frequency  Range  30  to  3,000  me 

At  the  lower  edge  of  this  frequency  range  reliable  long- 
distance propagation  appears  possible  by  the  mechanism  of 
scattering  from  the  turbulence  of  the  ionosphere  if  some- 
what greater  than  usual  transmitter  powers  and  antenna 
gains  are  employed.  Since  the  number  of  long-distance 
communication  channels  could  conceivably  be  increased  a 
hundredfold  thereby,  it  appears  that  this  is  the  most  impor- 
tant use  to  which  these  frequencies  could  be  assigned.  The 
lower  frequencies  in  this  band  are  also  useful  for  transmis- 
sion well  beyond  the  horizon.  This  together  with  the  fact 
that  moderately  high  powers  may  be  produced  and  wide 
bands  of  frequencies  may  be  accommodated  makes  this 
range  applicable  to  a  number  of  possible  local  uses.  Included 
are  visual  broadcasting  and  communication  with  mobile 
objects  such  as  motor  vehicles  and  airplanes.  Also  this  region 
has  important  radar  applications. 

As  we  proceed  toward  the  higher  frequencies,  primary 


PROPAGATION    CHARACTERISTICS  107 

power  becomes  more  difficult  to  produce,  diffraction  effects 
are  less  pronounced,  and  receiver  noise  becomes  appreciable, 
but  these  limitations  are  largely  offset  by  low  atmospheric 
noise  and  the  possibility  of  obtaining  greater  directive  gains. 
Also  still  wider  bands  of  frequencies  may  be  accommodated. 
The  need  to  offset  low  power  with  high  directive  gain  sug- 
gests the  use  of  these  higher  frequencies  for  point-to- 
point  services  rather  than  for  broadcast  services.  At  the 
HF  end  of  this  band,  high-definition  radar  becomes  quite 
feasible. 


2.6    PROPAGATION  CHARACTERISTICS  OF  THE 
SPECTRUM  FROM  3,000  TO  300,000  MC 

General 

This  very  wide  band  of  frequencies  is  the  newest  to  find 
practical  use  and  also  the  newest  to  be  explored  as  regards 
physical  features.  Indeed,  it  is  so  new  that  large  portions  are 
still  uncharted.  In  contrast  to  lower-frequency  bands,  we 
find  in  this  region  little  or  no  evidence  that  the  ionosphere 
plays  any  important  part  in  propagation.  This  leaves  as  the 
principal  means  of  communication  the  directly  radiated 
wave.  Diffraction  effects,  which  at  the  lower  frequencies 
play  such  an  important  part  in  bending  waves  around  obsta- 
cles and  over  horizons  to  serve  areas  beyond,  are  still  pres- 
ent, but  they  are  becoming  progressively  less  important. 
Thus  more  than  ever  these  higher  frequencies  are  limited  in 
their  primary  service  range.  Also,  in  contrast,  we  find  in  this 
new  range,  particularly  near  its  upper  limits,  a  very  special 
feature  which,  though  not  exactly  new,  is  of  particular  im- 
portance. It  is  the  tendency  for  molecular  aggregations  of 
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certain  components  of  the  earth's  atmosphere  to  scatter  and 
attenuate  severely  the  transmitted  signal. 

It  is  of  interest,  too,  that  atmospheric  radio  noise,  the 
principal  source  of  noise  below  about  30  me,  is  almost  com- 
pletely absent.  Also  extraterrestrial  noise  is  so  small  as  to  be 
of  little  practical  consequence.  Ordinarily  this  low  noise 
level  would  permit  communication  with  extremely  low  pow- 
ers were  it  not  that  the  type  of  noise  arising  in  the  early 
circuits  of  radio  receivers  now  predominates  and  prevents 
the  complete  realization  of  this  very  desirable  situation.  This 
particular  aspect  of  the  noise  problem  is  currently  being 
given  a  great  deal  of  attention. 

Special  Techniques  An  important  feature  of  this  frequency 
band,  quite  unrelated  to  the  transmission  characteristics  of 
the  radio  medium,  is  a  relatively  new  circuit  technique  that 
makes  it  possible  to  carry  out  efficiently,  in  this  upper  regis- 
ter of  frequencies,  processes  that  were  previously  feasible 
only  at  much  lower  frequencies.  More  particularly  it  is  pos- 
sible to  utilize  new  modulation,  filtering,  and  amplifying 
techniques  and  to  assemble  as  a  closely  packed  radio  band 
either  several  television  channels  or  virtually  hundreds  of 
telephone  channels  and  transmit  the  same  over  a  single 
antenna  structure.  This  new  circuit  technique  has  been  used 
very  effectively  in  communications  work  at  frequencies  up 
to  7,500  me  ( A,  =  4  cm )  and  in  radar  to  frequencies  of  10,000 
me  ( X  =  3  cm )  or  more.  Beyond  about  30,000  me  ( A,  =  1  cm ) 
apparatus  difficulties  of  one  kind  or  another  become  increas- 
ingly serious.  This,  at  the  moment,  is  one  of  the  more  inter- 
esting frontiers  of  radio  science. 

An  important  feature  of  this  new  technique  is  a  more  ef- 
fective means  for  producing  sharply  directed  beams.  The 
latter  appears  to  be  increasingly  more  feasible  as  frequency 
is  increased.  As  already  explained,  the  use  of  sharp  beams 
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tends  to  conserve  power  that  might  otherwise  be  wasted  on 
areas  in  which  no  service  is  needed.  At  these  high  frequen- 
cies the  gain  is  such  as  to  enable  a  few  watts  of  directed 
power  to  be  as  effective  at  the  distant  receiver  as  many 
kilowatts  of  undirected  power.  A  similar  gain  may  be  ob- 
tained from  the  use  of  a  directive  antenna  at  the  receiver. 
At  the  low-frequency  end  of  this  band,  which  is  the  portion 
most  thoroughly  explored,  combined  power  gains,  both  at 
the  transmitter  and  at  the  receiver,  of  a  hundred  million 
(80  db)  or  more  are  not  uncommon.  At  the  high-frequency 
end,  it  should  be  possible  to  provide  very  much  higher  gains. 
As  might  be  expected,  the  use  of  highly  directive  systems 
tends  to  avoid  interference  with  other  stations  operating  in 
the  same  or  neighboring  channels.  It  will  be  readily  appar- 
ent that  high  radio  directivities  have  their  greatest  applica- 
tion in  the  point-to-point  services  and  that  their  value  in 
the  forms  of  broadcasting  now  in  general  use  is  distinctly 
limited. 

Considerations  of  Power  The  substantial  power  enhance- 
ments that  accrue  from  the  use  of  high  directivity  come  as  a 
fortunate  compensation  for  other  difficulties  inherent  at  these . 
frequencies.  As  already  mentioned,  noise  arising  in  the  radio 
receiver  is  a  limiting  factor.  While  there  is  some  prospect 
that  this  may  be  reduced  with  further  improvement,  there 
is  also  in  prospect  a  limit,  apparently  set  by  nature  and 
known  as  resistance  noise  or  theoretical  first-circuit  noise, 
below  which  we  may  not  expect  to  pass. 

Also  the  engineer  finds  it  progressively  more  difficult  to 
maintain  the  necessary  signal-to-noise  ratios  to  ensure  a 
good  grade  of  service.  For  frequencies  in  the  lower  part  of 
this  band,  the  upper  level  of  sustained  power  now  in  current 
use  in  communications  services  lies  between  5  and  20  watts. 
Often  it  is  but  a  fraction  of  a  watt.  At  the  highest  frequen- 
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cies  of  the  band,  no  adequate  methods  of  producing  and 
using  wave  power  have  been  developed.  Hence  no  limiting 
power  level  can  be  specified.  It  is  reasonable  to  expect  that 
with  further  improvements  in  techniques  both  the  frequency 
frontier  and  the  presently  available  power  levels  will  be 
substantially  increased. 

One  promising  method  of  increasing  the  effective  power 
and  also  of  extending  the  frequency  frontier  consists  of  con- 
centrating the  available  energy  in  short  pulses  each  a  frac- 
tion of  a  microsecond  long  spaced  by  relatively  long  periods 
each  of  perhaps  thousands  of  microseconds.  Methods  of  this 
kind  are  currently  used  in  radar  to  produce  peak  powers  of 
thousands  of  kilowatts,  and  considerable  thought  is  being 
given  to  ways  by  which  they  may  be  used  in  communications. 

Considerations  of  Directivity  The  directivity  of  a  given 
antenna  structure  is  directly  proportional  to  each  of  its  di- 
mensions measured  in  wavelengths.  In  the  case  of  the  parabo- 
loid, which  is  one  favored  form  of  antenna,  it  is  therefore 
possible  to  obtain  from  a  given  structure  a  hundred  times  as 
much  directive  gain  from  the  use  of  30,000-mc  waves  as 
from  the  use  of  3,000-mc  waves.  By  the  same  token  we  find 
that,  as  we  proceed  toward  the  higher  frequencies,  the  neces- 
sary radio  antenna  for  a  given  degree  of  directivity  becomes 
progressively  smaller  and  accordingly  it  may  be  made  more 
readily  portable. 

The  combination  of  portability  with  beam  sharpness  has 
made  this  band  very  useful  for  radar  as  well  as  for  communi- 
cations. As  applied  to  radar,  the  sharp  beam  makes  it  pos- 
sible to  resolve  and  note  on  a  viewing  screen  details  that 
otherwise  might  be  lost.  The  degree  of  resolution  increases 
with  beam  sharpness  and  hence  with  frequency.  Thus  there 
is  a  particular  urge  in  radar  to  make  higher  and  higher  fre- 
quencies available.  At  the  highest  frequencies  used  in  radar 
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it  is  already  possible  to  identify  from  aloft  not  only  physical 
features  such  as  rivers,  islands,  and  bays  but  a  considerable 
amount  of  fine  detail  as  well. 


Physical  Properties  of  the  Medium 

This  band  of  frequencies  (3,000  to  300,000  me)  like  that  dis- 
cussed in  Sec.  2.5,  is  propagated  mainly  by  the  troposphere. 
The  latter  consists  roughly  of  four-fifths  nitrogen  and  one- 
fifth  oxygen  together  with  a  sprinkling  of  argon,  carbon  diox- 
ide, water  vapor,  and  smoke  particles.  Also  of  appreciable 
importance  in  reflecting  waves  are  insects,  birds,  and  other 
air-borne  objects.  On  rainy  or  foggy  days  there  may  be  in 
addition  substantial  quantities  of  water  particles  of  varying 
dimensions.  Most  of  these  substances  play  a  part  in  one  way 
or  another  in  radio  propagation. 

Meteorological  Effects  It  has  been  pointed  out  that,  on  the 
average,  the  density  of  the  earth's  atmosphere  and  its  index 
of  refraction  decrease  with  height,  with  the  practical  result 
that  radio  waves  tend  to  follow  the  curvature  of  the  earth. 
This  effect  makes  the  range  of  a  transmitter  slightly  greater 
than  the  horizon  distance.  It  was  pointed  out  also  that  the 
properties  of  the  earth's  atmosphere  do  not  always  vary 
smoothly  with  elevation.  As  a  result  of  uneven  heating  or 
possibly  of  a  failure  of  the  air  to  mix  freely,  discrete  layers 
are  often  formed  with  more  or  less  definite  interfaces  be- 
tween. These  interfaces  are  believed  to  play  a  very  important 
part  in  the  fading  phenomena  observed  in  this  band  as  well 
as  in  the  band  previously  discussed.  Also  there  are  times  and 
places,  too,  where  the  density  and  hence  the  index  of  refrac- 
tion of  air  close  to  the  earth  may,  temporarily  at  least,  be 
less,  rather  than  greater,  than  that  directly  above.  These 
unusual  effects,  known  as  inversions,  may  conspire  with  a 
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smooth  earth  below  or  another  layer  above  to  form  a  kind 
of  guide  for  propagating  waves  from  one  point  to  another. 
These  peculiar  guiding  effects,  which  are  referred  to  as  ducts, 
were  a  feature  of  the  discussion  of  the  previous  band.  They 
are  prevalent  also  in  this  band. 

Ground  Reflections  As  at  frequencies  below  3,000  me,  so 
in  those  above,  the  earth  and  the  various  objects  thereon  play 
a  part  by  reflecting  radio  waves.  It  turns  out,  however,  that 
the  earth's  role  in  the  two  bands  is  rather  different.  In  the 
range  below  3,000  me  there  may  be  a  direct  component  be- 
tween transmitter  and  receiver  which  follows  the  line  of 
sight,  and  there  may  be  one  or  more  components  that  have 
left  the  transmitter  slightly  off  beam  and  have  been  reflected 
by  the  earth  at  some  intervening  point.  It  was  explained  that, 
if,  in  this  low-frequency  case,  the  heights  of  the  two  anten- 
nas are  properly  proportioned  relative  to  their  separation 
and  the  earth  is  a  good  reflector,  the  second  component  may 
be  of  considerable  amplitude  and  may  arrive  in  such  phase 
as  to  reinforce  the  first.  If  the  heights  are  inappropriate,  the 
two  components  will,  of  course,  oppose  and  the  correspond- 
ing signal  level  may  be  very  low. 

In  the  frequency  range  above  3,000  me,  it  seldom  happens 
that  the  earth  is  perfectly  smooth  but  instead  it  appears, 
roughly  at  least,  as  though  it  were  made  up  of  an  infinite 
number  of  very  small  mirrors,  each  a  fairly  good  reflector 
and  each  facing  a  different  direction.  This  leads  to  a  diffuse 
reflection  of  incident  radio  waves.  If  in  addition  the  earth  is 
covered  with  vegetation,  much  of  the  incident  radiation 
will  be  absorbed.  Together,  these  two  effects  tend  to  make 
specular  reflection  a  rare  phenomenon.  Thus  very  little  re- 
flected power  reaches  the  distant  receiver.  It  is  evident  that, 
in  cases  where  the  reflected  component  reaching  the  receiver 
is  small,  there  can  be  no  very  strong  signal  due  to  reinforce- 
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ment  and  no  very  weak  signal  due  to  wave  interference.  This 
condition  is  as  though  we  had  free-space  transmission.  In 
cases  of  this  kind,  antenna  height  is  relatively  unimportant  as 
long  as  there  is  an  adequate  line  in  sight. 

In  so  far  as  the  inherent  roughness  of  the  earth  and  objects 
thereon  tend  to  avoid  multiple-path  transmission  and  there- 
fore fading,  roughness  is  a  virtue.  Scattering  is  of  further 
value  in  the  case  of  radar.  Because  of  this  roughness,  there 
is  usually,  on  an  object  under  observation,  a  sufficient  num- 
ber of  reflecting  facets  facing  the  radar  to  return  the  neces- 
sary wave  power  for  identification.  As  we  approach  grazing 
incidence  on  the  earth,  its  returned  wave  power  becomes 
progressively  less  important,  and  at  that  time  elevated  ob- 
jects on  the  horizon  become  the  principal  reflectors.  At  these 
frequencies  not  only  do  tall  buildings  become  discernible 
but  so  also  do  small  objects,  particularly  when  they  may  be 
contrasted  to  a  non-reflecting  background.  Good  examples 
are  buoys  and  similar  small  objects  floating  on  water. 

Layer  Reflections  Though  the  roughness  of  the  earth  tends 
to  reduce  the  particular  kind  of  multiple-path  transmission 
and  fading  associated  with  earth  reflection,  another  very 
important  type  of  fading  remains.  It  is  believed  to  be  asso- 
ciated with  multiple  paths  supported  by  discrete  layers  in 
the  earth's  atmosphere.  If  the  length  of  any  component  path 
supported  by  these  layers  changes,  there  will  be  a  shift  in  the 
interference  pattern  at  the  receiver  and  accordingly  there 
will  be  fading.  This  type  of  fading,  which  was  discussed 
more  at  length  in  the  previous  section,  is  believed  to  be  par- 
ticularly important  in  this  frequency  region. 

Diffraction  Effects  Another  very  important  characteristic 
of  radio  waves  is  diffraction.  It  relates  to  the  extent  to  which 
waves  bend  around  the  edges  of  objects  to  fill  the  space  be- 
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hind.  In  general,  diffraction  becomes  progressively  less  im- 
portant as  the  frequency  is  increased,  with  the  result  that 
in  the  present  range  there  is  a  tendency,  more  pronounced 
than  ever,  for  buildings  and  man-made  objects  to  cast  sharp 
shadows.  Likewise,  smooth  buildings  tend  to  produce  sharp 
reflections.  It  is  of  interest  that,  though  the  tall  buildings  of 
large  urban  areas  tend  to  shield  their  streets  from  microwave 
signals,  multiple  reflections  from  their  surfaces  tend  to  offset 
this  effect  and  give  rise  in  the  street  to  stronger  signals  than 
otherwise  might  be  expected.  In  these  cases,  wave  power 
seems  to  follow  the  direction  of  the  street. 

Rain  Scattering  At  frequencies  of  several  thousand  mega- 
cycles, rain  has  a  deleterious  effect  on  radio  propagation. 
This  effect  depends  on  the  size  of  the  individual  drops  as  well 
as  on  the  total  number  of  drops  encountered.  It  is  of  interest 
that,  although  pure  water  is  transparent  to  visible  light,  it  is 
rather  opaque  to  radio  waves,  particularly  in  this  upper- 
frequency  range.  Even  more  important,  its  index  of  refrac- 
tion is  very  much  greater  than  that  of  air.  Hence  the  wave- 
length in  water  is  correspondingly  shorter.  Since  at  these 
very  high  frequencies  the  wavelength  is  already  short,  this 
further  reduction  is  such  as  to  make  the  wavelength  inside 
the  drop  comparable  to  the  drop  diameter.  This  leads  to  a 
kind  of  resonance  which  makes  raindrops  virtual  traps  for 
passing  wave  power.  Experiments  suggest  that  not  all  of  this 
trapped  energy  is  converted  into  heat.  A  very  substantial  por- 
tion is  reradiated  from  the  raindrop  as  a  new  center.  It  is 
significant  that,  though  the  exciting  wave  power  may  have 
arrived  along  a  highly  directed  beam,  it  is  reradiated  in  a 
wide  range  of  directions.  This  phenomenon,  known  as  scat- 
tering, is  quite  analogous  to  scattering  in  ordinary  optics, 
the  theory  of  which  was  worked  out  by  Lord  Rayleigh  about 
fifty  years  ago  to  explain  the  blueness  of  the  sky.  This  type  of 
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scattering  has  an  attenuating  effect  on  radio  waves  that  is 
somewhat  like  that  of  diffuse  earth  reflections.  Though  ab- 
sorption and  scattering  are  fundamentally  quite  different 
phenomena,  their  practical  effects  in  attenuating  a  transmit- 
ted radio  signal  are  much  the  same.  If  the  drop  size  is  small 
compared  with  the  wavelength,  as  might  be  the  case  with 
fog  and  relatively  low  frequencies,  the  loss  is  dependent  only 
on  the  mass  of  water  in  suspension  and  accordingly  is 
small. 

Molecular  Absorption  Water  drops  are  not  the  only  centers 
that  may  absorb  or  attenuate  radio  waves.  The  molecules 
both  of  water  vapor  and  of  oxygen  may  also  produce  this 
effect.*  The  latter,  however,  occur  at  much  higher  frequen- 
cies. In  the  case  of  water  vapor,  absorption  occurs  around 
the  frequency  22,300  me  (A,  =  1.34  cm).  The  rate  of  attenu- 
ation depends  on  the  amount  of  water  vapor  present  and  is 
such  as  to  make  the  loss  at  this  particular  frequency  rather 
serious  in  humid  regions  of  the  tropics.  In  this  case  the  signal 
might  be  attenuated  to  one-half  its  initial  value  in  traveling 
distances  as  small  as  6  km  (3.7 miles).  For  average  conditions 
prevailing  at  sea,  the  corresponding  distance  is  estimated  to 
be  as  small  at  16  km  ( 10  miles ) .  For  average  conditions  pre- 
vailing over  land  areas  in  North  America,  these  attenuations 
would  probably  be  less.  The  attenuation  in  desert  regions  for 
this  type  of  attenuation  would  presumably  be  very  small. 

Absorption  due  to  oxygen  molecules  appears  to  be  of 
greatest  importance  at  frequencies  of  about  60,000  me 
(X  =  5mm).  Indirect  measurements  suggest  that  at  this 
frequency  the  attenuation  may  be  such  that  the  initial  signal 

*  The  locations  of  these  absorption  bands  and  the  relative  attenuations 
to  be  expected  were  calculated  with  considerable  accuracy  during  the  last 
war.1  The  results  have  been  confirmed  in  a  general  way  by  experiments  with 
small  quantities  of  material  under  controlled  laboratory  conditions.2'3  They 
are  also  supported  by  measurements  on  fairly  long  transmission  paths. 
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power  is  reduced  to  one-half  in  traveling  as  little  as  200 
meters  (220  yd).  Theory  indicates  that  there  are  other 
oxygen-absorption  bands  at  still  higher  frequencies.  The 
intervening  regions  are  referred  to  as  "windows."  One  ab- 
sorption band  that  is  believed  to  be  even  more  deleterious 
than  that  just  mentioned  is  calculated  to  appear  at  about 
120,000  me  ( A  =  2.5  mm ) . 

It  is  to  be  noted  in  passing  that  the  various  losses  just  re- 
ferred to  fall  into  three  rather  different  categories.  For  ex- 
ample, the  importance  of  raindrops  depends  to  a  large  extent 
on  the  frequency  at  which  rains  are  encountered.  Storms  that 
may  affect  the  lower  frequencies  are  relatively  rare.  Those 
affecting  the  higher  frequencies  are  far  more  prevalent.  The 
importance  of  water  vapor  is  similar,  but  since  in  most  prac- 
tical cases  there  is  always  a  considerable  amount  of  moisture 
in  the  atmosphere,  these  losses  are  somewhat  harder  to 
avoid.  In  contrast,  the  radio  losses  due  to  oxygen  molecules 
are  altogether  unavoidable  except  possibly  by  a  proper 
choice  of  frequencies.  No  losses  due  to  nitrogen  molecules 
have  so  far  been  cited.  Theory  indicates  that  they  would  not 
be  serious,  at  least  in  the  band  of  frequencies  with  which  we 
are  here  concerned.  Scattering  by  raindrops  and  by  mole- 
cules of  water  vapor  and  oxygen  is  presumably  not  un- 
like that  described  in  Sec.  2.5  and  there  ascribed  to  discrete 
air  masses  in  the  atmosphere.  It  is  of  interest  that  scattering 
phenomena  described  there  extend  into  this  frequency 
band. 


Transmission  Characteristics  of  a  Typical  Radio  Path 

Having  discussed  briefly  the  physical  properties  of  the 
medium  by  which  communication  takes  place,  we  shall  ex- 
amine more  fully  how  these  properties  may  affect  in  practice 
the  over-all  characteristics  of  the  path. 
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Variation  with  Distance  On  the  average,  the  power  re- 
ceived from  a  transmitter  located  within  the  horizon  distance 
varies  inversely  as  the  square  of  the  distance.  Thus,  doubling 
the  distance  between  the  transmitter  and  receiver  reduces 
the  received  power  by  a  factor  of  4.  Accordingly  the  received 
field  strength  is  reduced  by  a  factor  of  2.  This  relationship 
holds  generally  for  all  short  distances,  but  at  a  range  which 
corresponds  roughly  to  the  distance  to  the  horizon,  a  new 
and  more  complicated  relationship  sets  in.  Beyond  the  hori- 
zon the  signal  decreases  with  distance  very  rapidly,  and  soon 
its  level  becomes  too  low  for  general  use.  As  might  be  ex- 
pected, the  rate  at  which  the  signal  power  decreases  in  this 
fringe  zone  is  a  complicated  function  of  terrain.  Hence  it  is 
seldom  possible  to  forecast  in  any  detail  its  transmission  be- 
havior. It  is  generally  true,  however,  that  the  signal  level  in 
this  fringe  zone  falls  off  more  rapidly  for  the  higher  fre- 
quencies than  for  the  lower  frequencies.  Thus  these  higher 
frequencies  are  more  than  ever  distinctly  local  both  in  their 
effect  in  producing  a  usable  signal  and  in  their  effect  in  creat- 
ing interference  with  other  channels.  In  an  effort  to  span 
greater  distances,  use  is  generally  made  of  any  natural  ele- 
vations that  may  be  present.  This  range  is  further  augmented 
by  the  erection  of  suitable  towers.  As  long  as  we  stay  well 
within  the  horizon  distance  and  the  characteristics  of  the 
medium  remain  constant,  only  a  fraction  of  a  watt  of  trans- 
mitted power  is  needed. 

Modifying  Effects  In  a  properly  aligned  radio  system,  it 
is  common  experience  to  find  that  the  signal  level  remains 
substantially  constant  for  many  weeks,  but  on  occasion,  it 
may  vary  through  very  wide  limits  and  accordingly  may 
produce  considerable  trouble.  Often  these  variations  take 
place  during  nighttime  hours  in  summer  and  at  times  when 
there  are  few,  if  any,  air  currents.  In  a  few  cases  where  the 
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phenomena  have  been  examined  rather  carefully,  it  is  found 
that  not  only  does  the  level  of  the  received  signal  vary  but 
so  also  does  its  angle  of  arrival.  Indeed,  the  signal  may  on  rare 
occasions  arrive  from  angles  outside  the  region  of  maximum 
response  of  the  receiving  antenna.  Thus  it  is  possible  for  re- 
ceiving antennas  to  be  too  sharp.  These  angular  variations 
occur  almost  exclusively  in  the  vertical  plane.  Usually  the 
main  component  arrives  from  angles  above  the  line  of  sight, 
but  on  a  few  occasions  it  has  been  observed  arriving  from 
angles  below. 

Available  data  strongly  suggest  that,  in  some  cases  at  least, 
the  received  signal  is  a  composite  not  only  of  two  compo- 
nents, as  already  explained,  but  of  numerous  components, 
each  of  which  has  arrived  by  paths  of  different  lengths  and 
different  angles  to  produce  interference  in  the  receiver.  Path- 
length  differences  as  great  as  7  ft  have  been  reported.  These 
correspond  to  simultaneous  fading  at  frequency  intervals  in 
the  transmitted  band  as  small  as  150  me.  This  phenomenon 
is  referred  to  as  selective  fading.  Angular  differences  of  a  few 
tenths  of  a  degree  are  common.4  Components  arriving  from 
angles  below  the  line  of  sight  suggest  that  the  upper  portions 
of  the  wave  front  have  traveled  more  slowly  than  the  lower 
portions  and  that,  in  the  medium  between,  the  more  highly 
refractive  (more  dense)  layers  of  air  are  temporarily  located 
above  less  dense  layers.  These  are  presumably  substantially 
the  same  phenomena  referred  to  in  Sec.  2.5  as  due  to  inver- 
sion and  will  not  be  discussed  further  here. 

A  matter  of  great  practical  interest  is  the  prevalence  of 
these  fading  phenomena.  Though  this  band  is  a  new  field  of 
study  and  though  the  phenomena  in  question  are  relatively 
infrequent  in  their  occurrence,  sufficient  data  have  already 
been  accumulated  to  warrant  important  conclusions.  On  one 
particular  path  of  about  25.5  miles  mostly  overland  in  north- 
ern Ohio  on  which  the  operating  frequency  was  roughly 
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4,000  me  (A,  =  7.5  cm),  it  was  found  that  during  the  month 
of  July,  1948,  the  signal  power  was  at  least  one-half  its  cal- 
culated free-space  value  72  per  cent  of  the  time.  It  was 
greater  than  one-tenth  its  free-space  value  nearly  98  per  cent 
of  the  time  and  greater  than  one-one-hundredth  this  value 
about  99.7  per  cent  of  the  time.  On  systems  of  this  kind  single 
fades  to  one-one-thousandth  ( 30  db )  of  their  original  power 
level  are  not  regarded  as  serious.  The  troublesome  periods 
centered  around  the  early  morning  hours,  but  fading  occa- 
sionally took  place  as  early  as  10  P.M.  and  as  late  as  5  A.M. 
During  August  of  the  same  year  fading  was  slightly  more 
severe,  but  thereafter  fading  conditions  improved  until  the 
end  of  the  year,  when  measurements  were  discontinued. 
During  the  month  of  December  the  signal  power  was  on  the 
average  at  least  one-half  its  calculated  free-space  value  more 
than  96  per  cent  of  the  time,  more  than  one-fourth  the  free- 
space  value  99.6  per  cent  of  the  time,  and  greater  than  one- 
tenth  the  free-space  value  practically  all  the  time.  Somewhat 
similar  data  have  been  obtained  on  other  paths  in  eastern 
United  States. 

In  contrast  to  the  above  cases,  which  may  be  regarded  as 
representative,  it  was  found  that,  on  a  particular  29-mile 
path  extending  across  a  deep  valley  in  an  arid  section  of  the 
West  in  which  strong  air  currents  prevailed,  there  was  little 
or  no  fading.  In  another  path,  this  time  in  California,  fading 
was  observed  in  daytime  and  also  in  winter.  In  still  another 
very  unusual  and  very  interesting  case,  the  path  extended 
across  a  salt  flat  in  western  Utah.  This  path  was  unusual  in 
that  it  combined  typical  desert  climate  with  a  highly  reflect- 
ing earth  that  was  almost  mirrorlike  in  flatness.  It  was  one 
of  the  very  few  cases  in  this  frequency  range  in  which  it  was 
found  that  specular  ground  reflection  prevailed.  It  was  found 
that,  when  antennas  135  ft  high  were  used,  fading  was 
serious.  Most  of  the  fading  difficulties  were  reduced  to  ac- 
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ceptable  levels  by  making  use  of  fortunately  located  eleva- 
tions in  such  a  way  that  successive  repeater  points  were 
alternately  high  and  low.  This  arrangement  made  it  possible 
to  operate  on  the  first  Fresnel  maximum  under  conditions  in 
which  the  effects  of  change  of  path  length  were  a  minimum. 
It  is  believed  that,  on  most  paths  encountered  in  practice, 
the  signal  will  be  greater  than  one-tenth  its  free-space  value 
90  per  cent  of  the  time  even  during  the  worst  months.* 

Other  observations  made  by  Bell  System  engineers  be- 
tween 1943  and  1946  on  a  range  of  five  frequencies  between 
710  and  24,000  me  indicate  quite  clearly  that  over  this  range 
difficulties  from  fading  generally  increase  with  frequency. 
This  has  been  substantiated  by  measurements  made  by  the 
Western  Union  Telegraph  Company  6  at  frequencies  of  1,850 
me  (A,  =  16.2  cm),  4,200  me  (X  =  7.1  cm),  6,400  me  (Jl  = 
4.7  cm),  and  9,700  me  (A  =  3.6  cm).  There  is  relatively  little 
information  about  radio  links  similar  to  the  above  but  operat- 
ing at  still  higher  frequencies.  However,  it  is  to  be  expected 
from  known  properties  of  the  atmosphere  that  such  fading 
will  prevail  throughout  the  entire  band. 

Rain  Scattering  Beginning  as  early  as  1935,  experiments 
were  performed  7  to  determine  the  impairment  to  a  radio 
path  resulting  from  scattering  or  absorption  by  raindrops. 
This  was  done  at  a  frequency  of  3,300  me.  No*impairment  was 
noted.  Seven  years  later  other  tests  were  made  at  frequencies 
of  about  10,000  and  30,000  me.8  Still  later  similar  tests  were 
made  at  about  50,000  me.9  These  measurements  have  since 
been  adequately  verified.10  They  indicate  that,  with  the  bet- 
ter techniques  now  available,  communications  systems  oper- 
ating at  frequencies  of  10,000  me  (k  =  3  cm)  are  only 

*  The  above  data  were  taken  from  unpublished  memoranda  prepared 
by  members  of  the  Transmission  Engineering  Department  of  the  Bell  Tele- 
phone Laboratories.  Early  publication  is  planned. 
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slightly  affected  by  rains  of  cloudburst  proportions.  At  fre- 
quencies of  30,000  me  ( ?.  =  1  cm )  the  cloudbursts  that  in  the 
previous  case  were  barely  noticeable  may  now  be  rather 
serious,  while  rains  of  average  proportions  now  become  ap- 
preciable, f  At  50,000  me  (A,  =  6  mm)  it  is  quite  evident  that 
even  rains  of  average  proportions  will  be  rather  serious.  It  is 
generally  agreed  that,  since  radar  signals  must  pass  through 
a  rainstorm  both  before  and  after  reflection  from  the  distant 
target,  radar  is  somewhat  more  vulnerable  to  rain  than  ordi- 
nary communications.  In  addition  to  contributing  attenua- 
tion, rain  may  envelop  the  distant  target  and  impair  defini- 
tion. A  mathematical  theory  of  rain  scattering  n  which  these 
experiments  seem  to  support  indicates  that  losses  due  to  rain 
increase  with  frequency  throughout  this  band.  No  attenua- 
tion attributable  to  snow  has  so  far  been  reported.  It  seems 
doubtful  that  this  form  of  attenuation  will  be  of  importance 
in  this  band  of  frequencies  as  long  as  the  snow  remains  dry. 

Losses  due  to  rain  scattering,  like  those  due  to  fading,  are 
of  importance  only  if  they  occur  frequently.  Strangely 
enough,  data  on  the  frequency  of  rains  of  varying  propor- 
tions, applicable  to  different  parts  of  the  world,  are  limited. 
However,  such  data  as  are  available  indicate  that  rains  of 
cloudburst  proportions  are  relatively  rare,  while  those  which 
might  be  characterized  as  merely  average  are  much  less 
frequent  than  might  be  supposed. 

Conclusions  based  somewhat  on  general  judgment  and 
sense  of  proportion  indicate  that,  for  radio  relay  systems, 
transmission  frequencies  of  about  10,000  me  would  not  be 
seriously  hampered  by  rain  *  but,  at  some  rather  indefinite 

t  This  has  been  further  verified  by  tests  over  a  40-mile  path  described  in 
ref.  5  of  the  Bibliography. 

*  This  assumes  a  particular  microwave  system  engineered  to  operate 
satisfactorily  through  fades  to  1/1,000  of  their  normal  power  level.  For 
systems  operating  on  a  lower  power  level,  difficulties  due  to  rain  might  be 
appreciable  at  somewhat  lower  frequencies. 
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point  above  this  frequency,  troubles  may  be  expected.  East- 
west  systems  seem  particularly  vulnerable  in  North  America, 
since  they  lie  along  the  path  of  heavy  showers.  In  single-link 
radio  communication  systems  where  the  path  is  relatively 
short  or  where  reliability  is  less  important,  these  higher  fre- 
quencies may  prove  to  be  very  useful.  Also  in  radar  systems 
where  some  reliability  may  be  sacrificed  for  high  definition, 
these  higher  frequencies  may  likewise  be  justified.  These 
practical  limits  are  by  their  nature  rather  indefinite. 


Radio  Noise 

In  the  portions  of  this  band  that  have  so  far  been  examined, 
both  atmospheric  noise  and  galactic  noise  are  almost  un- 
known. Moreover,  solar  noise  is  at  such  a  low  level  and  is  so 
easily  discriminated  against  by  directional  methods  that  it, 
too,  can  usually  be  neglected.  This  leaves  the  noise  arising 
in  the  radio  receiver  as  the  principal  limitation  to  the  use  of 
extremely  low  powers.  Receiver  noise  consists  of  two  dis- 
tinct components.  One  is  the  noise  that  arises  in  the  conduc- 
tors forming  the  various  circuit  elements.  The  other  arises  in 
active  electronic  devices  such  as  crystal  detectors  and  ampli- 
fier tubes.  The  power  in  the  first  type  of  noise  is  a  function 
both  of  the  resistance  of  the  early  circuits  of  the  receiver  and 
of  the  bandwidth  to  which  the  receiver  is  adjusted.  It  is  also 
a  simple  function  of  the  temperature  of  the  receiver,  meas- 
ured in  degrees  absolute.  In  this  frequency  range,  receivers 
are  usually  broad-band  devices  such  as  to  make  this  type  of 
noise  appreciable.  The  latter  is  sometimes  referred  to  as  theo- 
retical first-circuit  noise.  Its  level  for  a  given  bandwidth 
is  relatively  fixed  and  therefore  constitutes  a  convenient 
datum  *  with  which  other  low  powers  may  be  compared. 

*  For  a  receiver  having  a  bandwidth  of  1  me,  operated  at  ordinary  tem- 
peratures, this  is  roughly  0.004  \i\iw  (144  db  below  1  watt). 
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The  type  of  noise  arising  in  electronic  devices  likewise 
depends  on  temperature  and  bandwidth.  It  also  depends  on 
other  factors,  some  of  which  are  under  our  control.  Although 
improvements  have  already  been  made,  the  level  of  this 
type  of  noise  is  still  several  times  theoretical  first-circuit 
noise.  Since  a  reduction  of  noise  is  quite  as  important  in  im- 
proving signal-to-noise  ratios  as  an  increase  in  transmitter 
power,  this  is  a  productive  field  of  research. 

Considerations  of  Adaptability 

Because  radio  waves  in  this  frequency  range  may  be  de- 
pended on  only  for  line-of-sight  distances,  they  might  at 
first  sight  appear  to  have  a  very  limited  scope  of  application. 
It  turns  out,  however,  that  these  distance  limitations  are 
largely  offset  by  the  increased  bandwidth  that  they  provide. 
In  addition,  these  extremely  high  frequencies  make  possible 
high  directivities  and  a  correspondingly  low  level  of  primary 
power.  Thus  it  becomes  economically  feasible  to  transmit  to 
the  horizon  and  there  retransmit  to  the  next  horizon  beyond. 
This  may  be  continued  to  distances  of  many  hundreds  of 
miles. 

It  also  turns  out  that  these  very  high  directivities  make 
possible  high-definition  radar.  Best  frequencies  both  for  com- 
munications and  for  radar  are  usually  compromises  between 
increased  directivity  on  the  one  hand  and  rain  attenuation 
and  fading  on  the  other.  Optimum  frequencies  for  these 
services  have  not  yet  been  arrived  at.  Radar  and  radio  re- 
peater systems  represent  the  major  aplications  so  far  made  of 
this  frequency  band,  but  being  a  relatively  new  range,  other 
applications  may  be  expected. 
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Future  Development 

The  foregoing  discussions  strongly  suggest  that  at  some  fre- 
quency between  6,000  and  10,000  me  rain  becomes  a  factor 
which  must  be  taken  into  consideration  and  at  much  higher 
frequencies  it  may  become  a  serious  limitation.  At  another 
frequency  centering  at  about  22,300  me  (X  =  1.34  cm)  fur- 
ther absorption  results  from  water  vapor.  Still  further  on  at 
60,000  me  (I  =  0.5  cm)  and  again  at  120,000  me  (A,  =  0.25 
cm)  very  substantial  attenuation  results  from  oxygen  ab- 
sorption. Together,  these  three  sources  of  absorption  might 
appear  to  be  a  formidable  barrier  to  progress.  But  it  should 
be  remembered  that,  as  radio  has  progressed  to  its  present 
frontier  in  the  frequency  spectrum,  other  points  have  like- 
wise been  reached  where  the  outlook  was  unpromising.  It  is 
significant  that  in  each  case  radio  adjusted  itself  to  prevailing 
conditions  and  continued  as  a  very  useful  medium  of  com- 
munication. * 

Upon  reviewing  the  history  of  radio,  it  is  readily  apparent 
that  methods  and  techniques  have  changed  enormously. 
Thus  at  the  extremely  high  frequencies  with  which  this 
section  is  concerned,  the  type  of  radio  used  is  vastly  different 
from  that  at  the  so-called  VHF  used  in  broadcasting  tele- 
vision. Perhaps  the  next  step  in  progress  will  likewise  reveal 
another  very  different  kind  of  radio  ( or  at  least  of  electrical 

*  About  1918  it  seemed  quite  apparent  that  long-distance  radio  com- 
munications were  becoming  progressively  more  difficult  with  frequency  and 
that  beyond  a  particular  frequency,  perhaps  around  1.5  me,  there  might  be 
little  use  for  radio.  Again  about  1927  we  seemed  to  be  approaching  a  fre- 
quency of  about  10  me  beyond  which  signals  would  not  be  propagated  by 
the  ionosphere,  and  again  radio  seemed  distinctly  limited.  Still  later,  perhaps 
1935,  it  appeared  that,  as  we  approached  frequencies  of  about  1,000  me, 
the  necessary  coils  and  condensers  then  used  almost  exclusively  in  radio 
apparatus  were  becoming  vanishingly  small  and  shortly  there  would  be  no 
technique  for  producing  and  utilizing  the  wave  power  then  needed.  It 
is  to  be  noted  that  in  all  cases  radio  continued  to  use  higher  and  higher 
frequencies. 
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communication).  The  nature  of  that  step  and  the  direction  in 
which  it  will  take  us  represent  one  of  the  more  interesting 
developments  that  lie  ahead. 

One  of  the  attractive  possibilities  for  future  communica- 
tion is  a  scheme  in  which  wave  power  is  led  from  one  point 
to  another  through  hollow  metal  pipes.  In  such  a  pipe  the 
transmission  medium  is  sheltered  from  rain,  conditioned  for 
water  vapor,  and  if  necessary  freed  from  oxygen.  Thus  the 
medium,  which  in  the  radio  case  is  subject  to  all  the  vagaries 
of  weather,  would  presumably  now  be  largely  within  our 
control.  It  should  be  noted,  however,  that  such  a  system  will 
no  longer  be  radio  but  will  be  a  particular  kind  of  transmis- 
sion line.  It  is  of  interest  that  its  success  depends  in  no  small 
measure  on  the  use  of  a  very  special  wave  configuration,  some- 
what like  a  smoke  ring  in  form,  having  the  unique  property 
of  attenuating  wave  power  progressively  less  as  the  frequency 
is  indefinitely  increased.  The  concept  of  a  waveguide  trans- 
mission line  of  this  kind  is  not  new.  Indeed,  research  on  such 
lines  has  been  in  progress  for  many  years.12  In  fact,  it  was  a 
by-product  of  this  research  which  led  to  the  critically  impor- 
tant circuit  elements  and  certain  of  the  highly  directive  an- 
tennas that  have  made  possible  the  extensive  use  of  radio 
frequencies  above  3,000  me. 

If  the  waveguide  transmission  line  becomes  a  reality,  as 
now  seems  probable,  we  shall  have  experienced  the  interest- 
ing evolution  of  electrical  communications  started  by  Morse 
more  than  a  century  ago  using  extremely  LF  waves  guided 
by  a  wire  transmission  line,  extending  first  to  radio  and  much 
higher  frequencies  and  later  back  to  guided  transmission, 
this  time  at  frequencies  far  beyond  any  originally  conceived. 


Chapter  3 


AN    IDEAL    APPROACH 
TO    ALLOCATIONS 

3.1    BASIC  ASSUMPTIONS 


The  purpose  of  Chap.  3  is  to  prepare  an  ideal  allocation 
table,  based  on  present  knowledge,  present  and  prospective 
needs,  and  current  trends,  such  as  might  be  set  up  using  the 
information  presented  in  Chap.  2,  on  the  assumption  that  no 
radio  services  or  facilities  exist  and  that  the  money  which 
has  been  spent  and  the  knowledge  gained  are  now  available 
to  start  a  new  radio  industry.  Furthermore,  it  is  assumed  that 
the  world  is  peaceful  and  that  all  peoples  are  cooperating  to 
make  the  best  and  most  efficient  use  of  available  facilities; 
no  consideration  therefore  has  been  given  to  political  and 
military  factors.  The  aim  is  to  prepare  an  allocation  table 
which  will  provide  the  peoples  of  the  world  with  the  radio 
services  which  they  deem  essential  in  the  best  and  most 
economical  manner. 

It  is  fully  realized  that  such  an  allocation  is  not  practicable 
for  world  adoption  today  and  that  an  ideal  allocation  can 
never  be  achieved.  Nevertheless  consideration  of  an  ideal 
table  of  allocations  yields  interesting  information  and  may 
be  a  useful  reference  source  and  guide  to  future  planning. 
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Uses  for  Radio 
Radio  may  be  used  for  the  following  fundamental  purposes : 

1.  Communication 

2.  Location  and  ranging 

3.  Industrial  and  scientific  purposes  other  than  1  and  2 
above 

For  use  in  this  chapter  these  fundamental  functions  have 
been  divided  into  the  following  classes  of  services: 

1.  Communication  uses: 

a.  Fixed  services 

b.  Mobile  services 

c.  Broadcast  services 

d.  Amateur  service 

e.  Special  services 

2.  Location  and  ranging  uses: 

a.  Radio  location  services 

b.  Navigation  services 

c.  Special  services 

3.  Industrial  and  scientific  uses: 

Industrial,  scientific,  and  medical  uses. 

The  succeeding  sections  follow  the  order  of  the  foregoing 
list. 


3.2    FIXED  SERVICES 


The  fixed  service  is  defined  by  international  regulation  as 
"A  service  of  radio  communication  between  specified  fixed 
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points/'  The  word  "specified"  is  included  in  the  definition  in 
order  to  establish  the  difference  between  fixed  service  and 
certain  broadcast  services,  the  intention  being  that  the  fixed 
service  shall  include  all  communication  by  radio  between 
established  stationary  communication  points  and  through 
relays  along  established  communication  routes. 

The  demand  for  radio  service  has  always  outgrown  the 
useful  spectrum  space  very  soon  after  the  technical  means 
for  using  a  given  frequency  range  were  known.  For  this 
reason  international  agreements  and  domestic  regulations 
have  subdivided  most  of  the  services  in  accordance  with 
specific  uses,  giving  priority  to  those  considered  to  be  the 
most  important.  At  present,  administrative  and  political  con- 
siderations, theories  of  economics,  and  the  inflexibility  of 
statutes,  rather  than  engineering  factors,  govern  the  alloca- 
tion to  a  great  extent. 

The  fixed  service  is  divided  into  parts  in  accordance  with 
a  particular  type  of  fixed  service  (aeronautical  fixed,  for  ex- 
ample )  or  in  accordance  with  the  user  or  service  with  which 
the  fixed  operation  is  associated  (marine  relay,  television 
studio  transmitter  link,  etc.).  These  ulterior  considerations 
have  led  to  the  establishment  of  multiple  circuits  between 
certain  points,  with  the  result  in  some  instances  of  waste  of 
valuable  frequency  space  and  high  cost  inherent  in  multiple 
staff  and  facilities. 

A  different  type  of  a  subdivision  of  the  fixed  service  would 
provide  greater  efficiency  and  conserve  frequency  space, 
particularly  in  the  HF  range.  A  number  of  the  present  fixed 
services  should  be  combined  into  a  single  system  providing 
communication  between  major  centers  of  population  and 
carrying  the  normal  government  and  private  communica- 
tion. Special  circuits  within  this  network  should  be  available 
to  large  users,  and  priority  afforded  essential  communica- 
tions. Fixed  service  between  points  not  regularly  or  effec- 
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tively  served  by  the  integrated  fixed  system  may  be  provided 
by  separate  systems  used  for  a  particular  type  of  fixed  com- 
munication. Where  emergency  traffic  is  being  handled  or  the 
traffic  load  is  heavy  enough  to  warrant  the  use  of  exclusive 
frequencies,  separate  fixed  services  might  also  be  established. 
In  addition,  suggestions  are  made  in  Sec.  3.7,  Special  Serv- 
ices, to  provide  for  unusual  and  intermittent  fixed  operation 
in  isolated  areas  or  under  particular  circumstances. 

Modern  information  theory  indicates  methods  of  transmit- 
ting and  receiving  greater  amounts  of  intelligence  in  a  given 
band  in  a  given  time.  New  techniques  would  not  be  closely 
related  to  presently  operating  systems.  The  time  required  to 
discover  means  of  employing  these  new  techniques  in  the 
fixed  communication  network  cannot  now  be  estimated,  and 
therefore  continued  conservation  of  the  HF  spectrum  is  very 
important. 

Within  the  next  ten  or  twenty  years  overcrowding  of  the 
fixed  service  bands  would  be  avoided  in  an  ideal  system  by 
limiting  the  use  of  such  frequencies  to  services  which  cannot 
be  economically  provided  otherwise. 

Super-high-frequency  relay  systems  are  capable  of  supply- 
ing the  necessary  bandwidth  with  good  stability,  and  it  is 
physically  possible  to  establish  such  a  relay  to  interconnect 
all  the  continents.  While  it  is  recognized  that  the  system 
would  be  expensive  and  that  there  would  be  difficulties  in 
installation  and  administration,  a  relay  could  be  built  from 
New  York  to  the  southern  tip  of  South  America  and  from 
New  York  through  Alaska  across  Bering  Strait  into  Asia, 
Europe,  and  Africa  and  via  a  chain  of  islands  into  Australia. 
The  greatest  overwater  distance  involved  is  approximately 
90  miles.  Alternate  or  basic  circuits  might  be  established  over 
long  water  routes  by  aircraft  relay,  moored  ships,  or  sea- 
dromes. A  system  of  this  kind  would  be  capable  of  furnishing 
wide-band  service  for  written,  aural,  and  visual  communica- 
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tion  to  all  major  population  centers  of  the  world.  Because  of 
the  high  directivity  obtainable,  additional  circuits  could  be 
added  along  the  same  routes  by  selection  of  repeater  loca- 
tions and  frequencies  to  prevent  interference. 

The  HF  part  of  the  spectrum  could  then  be  devoted  to 
communication  between  the  major  world  land  masses  and 
offshore  islands  or  to  isolated  areas  where  the  communica- 
tion requirement  does  not  justify  the  bandwidth  available 
in  the  SHF  relay. 

Even  when  conservation  measures  are  taken  and  use  is 
made  of  SHF  relays,  it  will  not  be  easy  to  fit  the  communica- 
tions requirements  into  the  HF  band.  The  most  difficult  prob- 
lems are  faced  in  the  4-  to  7-mc  range.  At  the  present  state  of 
the  art,  the  required  communication  bandwidth  does  not 
increase  markedly  with  increasing  frequency  up  to  30  me, 
so  that  the  complement  of  frequencies  in  each  range  up  to 
that  limit  need  not  be  larger  than  the  band  available  between 
4  and  7  me. 

IDEAL   ALLOCATION  FOR  FIXED   SERVICES 

4.25-7  me 

9.5-12  me 

15-17  me 

21-25  me 

2,500-8,000  me 

10,000-13,000  me 


3.3    MOBILE  SERVICES 


The  mobile  service  is  internationally  defined  as  a  service  of 
radio  communication  between  land  and  mobile  stations  and 
between  mobile  stations.  The  mobile  services  are  sub- 
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divided  into  maritime  mobile,  land  mobile,  and  aeronautical 
mobile. 

Mobile  services  are  similar  to  the  fixed  services  with  re- 
spect to  the  suballocations  which  have  been  made  to  spe- 
cific users  and  with  respect  to  the  kinds  of  emission  and  types 
of  traffic.  The  mobile  service  commands  a  priority  in  the 
allocation  of  radio  frequencies,  because  radio  is  the  out- 
standing (and  often  only)  means  of  providing  communica- 
tion from  and  between  mobile  units  and  because  communica- 
tion is  needed  for  the  protection  of  life  and  property  in  the 
operation  of  aircraft,  ships,  and  land  vehicles. 

The  maritime  mobile  service  is  one  of  the  oldest  radio 
services.  Its  safety  function  is  well  established  by  domestic 
and  international  regulation  as  to  both  frequencies  available 
and  the  procedures  to  be  used.  While  radio  is  used  for  opera- 
tional purposes  in  the  maritime  field,  most  of  the  communica- 
tion is  paid  message  traffic  by  telegraph  and  telephone  and 
open  to  public  correspondence.  On  the  other  hand,  mobile 
communication  in  the  aeronautical  field  is  limited  primarily 
to  operational  traffic  because  of  the  character  of  present  de- 
mands for  service,  the  lack  of  frequency  space,  and  the  great 
dependence  placed  on  communication  for  aeronautical  navi- 
gation and  traffic  control.  In  the  latter  service,  both  telegraph 
and  telephone  are  used,  with  telephone  predominating. 

The  aeronautical  and  land  mobile  services  have  expanded 
very  rapidly.  Because  of  this  rapid  expansion  and  the  lack  of 
sufficient  frequency  space,  the  kinds  of  communication  in 
which  these  services  are  permitted  to  engage  have  been 
restricted.  Until  very  recently,  all  the  aeronautical  and  land 
mobile  services  were  limited  to  operational  traffic  and  not 
open  to  general  public  correspondence. 

At  present  each  user  in  a  given  type  of  mobile  service 
operates  his  own  communication  system.  Direct  communica- 
tion between  the  mobile  services  and  direct  communication 
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between  a  mobile  unit  and  other  networks  are  technically 
possible  but  not  as  yet  widely  practiced. 

As  in  the  fixed  service,  improvement  in  frequency  use  can 
be  obtained  by  the  integration  of  a  number  of  the  present 
mobile  services.  Such  a  general  mobile  network  intercon- 
nected with  the  fixed  network  where  required  would  provide 
improved  service  to  many  of  the  present  intermittent  users 
and  sufficient  facilities  for  additional  users.  Large  or  essen- 
tial mobile  operations  may  require  special  facilities  within 
the  mobile  network  or  a  priority  of  use.  There  will  remain 
mobile  operations  which  should  be  conducted  separately 
using  their  own  system,  the  occupation  of  additional  fre- 
quencies justified  by  the  amount  of  traffic  handled,  the  im- 
proved control  of  the  system,  or  the  greater  dependability. 
Other  types  of  mobile  service  for  special  purposes  are  dis- 
cussed in  Sec.  3.7,  Special  Services. 

The  mobile  service  must  be  provided  with  frequencies 
suitable  for  medium-  and  long-distance  communication,  for 
short-distance  communication  on  land  and  to  ships  on  inland 
waters  or  harbors,  and  for  short-distance  communication  to 
aircraft.  The  medium-  and  long-distance  communication  re- 
quirements can  be  met  on  frequencies  between  2  and  25  me, 
the  short-distance  mobile  service  on  frequencies  beginning  at 
approximately  60  me,  and  the  short-distance  aeronautical 
service  on  frequencies  adjacent  to  the  1,000-mc  navigational 
band.  Two  bands  should  be  provided  in  the  VHF-UHF 
range  for  short-distance  services,  one  near  60  me  for  coverage 
of  relatively  wide  areas  over  average  terrain  and  one  near 
800  me  to  provide  service  in  large  cities  where  multiple  re- 
flections may  be  used  to  fill  in  deeply  shadowed  areas. 

It  is  assumed  that  an  integrated  navigational  system  for 
aircraft  multiplexed  to  provide  communication  will  reduce 
the  separate  operational  communication  requirement  and 
that  the  aircraft  use  of  these  frequencies  could  be  devoted 
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primarily  to  meet  future  demand  for  public  correspondence. 
Because  of  the  very  considerable  interference  range  of  high- 
altitude  aircraft  transmitters,  VHF  and  UHF  aircraft  fre- 
quencies must  be  separated  from  land  and  maritime  fre- 
quencies. Frequencies  below  2  me  are  not  proposed  for 
mobile  service  because  of  the  limited  bandwidth  available 
and  because  of  the  inefficiency  of  antennas  on  mobile  units 
in  this  frequency  range.  The  present  500-kc  safety  operations 
would  be  transferred  to  2  me. 

IDEAL  ALLOCATION  FOR  MOBILE  SERVICES 

2-4  me 
7.5-9.5  me 

12-14  me 

17-21  me 

54-100  me 
770-900  me 


3.4   AURAL  AND  VISUAL  BROADCAST  SERVICES 


The  broadcast  service,  by  international  definition,  is  a  radio 
service  intended  for  reception  by  the  general  public.  The 
auxiliary  services  such  as  studio  transmitter  links,  remote 
pickup,  etc.,  are  included  under  the  fixed  and  mobile  services 
for  allocation  purposes.  Where  there  are  particular  and  un- 
usual requirements,  they  would  be  satisfied  in  the  bands 
available  to  the  special  services. 

Broadcasting  is  by  all  odds  the  most  widely  distributed 
radio  service.  Many  countries  which  have  inadequate  fixed 
and  mobile  communication  maintain  multiple  broadcast 
services.  The  broadcast  service  is  recognized  as  the  most 
important  means  of  mass  communication  ever  devised. 
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Although  the  broadcast  service  has  been  limited  by  in- 
sufficient frequency  space,  its  growth  has  been  tremendous, 
and  at  the  present  time  aural  broadcast  service  is  available 
by  various  means  to  most  of  the  areas  of  the  world.  In  the 
heavily  populated  areas,  multiple  aural  broadcast  services 
are  provided;  even  in  isolated  areas  as  many  as  40  different 
HF  broadcast  programs  may  be  received  during  the  early 
evening  hours. 

Aural  broadcasting  now  occupies  frequencies  from  150  kc 
to  above  100  me.  Governments  in  general  place  high  impor- 
tance on  their  broadcast  service.  Many  government  adminis- 
trations have,  in  fact,  departed  from  the  international 
allocation  table  to  improve  or  augment  their  own  broad- 
casting. In  the  HF  band,  for  example,  monitoring  reports 
show  that  more  than  twice  as  many  broadcast  channels  are 
in  use  as  have  been  allocated.  Such  operation  outside  the 
allocated  bands  is  capable  of  causing  serious  interference  to 
other  services  operating  in  accordance  with  international 
agreements. 

The  early  development  of  broadcasting  and  the  pressure  to 
find  room  for  a  large  number  of  broadcast  stations  have  led 
to  allocations  having  an  unsound  engineering  basis  and  to 
operations  which  are  improvident  in  frequency  utilization. 
It  is  recognized  that  the  tremendous  public  investment  in 
broadcast  service  prevents  radical  changes  in  this  service  and 
that  the  determination  of  the  number  of  programs  which 
should  be  made  available  to  any  area  is  not  an  engineering 
matter.  Nevertheless,  the  engineering  factors  which  deter- 
mine an  efficient  broadcast  system  should  be  examined  in 
the  light  of  present  knowledge. 

The  economics  of  the  present  radio  broadcast  system  are 
based  on  a  very  large  expenditure  by  the  public  for  receiving 
equipment  compared  with  the  expenditure  for  transmitting 
equipment.  Recognizing  this,  broadcasting  transmitters  op- 
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erate  with  much  greater  powers  than  do  transmitters  in  any 
other  service  in  order  to  simplify  the  receiving  problem. 
From  an  engineering  standpoint  it  is  reasonably  certain  that 
this  trend  has  not  been  carried  far  enough  and  that,  in  the 
future,  material  increases  in  transmitter  power  will  provide 
better  broadcast  reception  with  greater  freedom  from  noise 
and  with  less  costly  receivers. 

In  addition  to  the  power  required,  the  frequency  band  in 
which  aural  broadcast  transmitters  operate  is  important.  It 
should  be  selected  to  provide  high  signal  level  over  large 
areas,  and  the  transmission  should  be  as  stable  as  can  be  at- 
tained. To  meet  these  requirements  ground-wave  transmis- 
sion, because  of  its  stability,  should  be  used  to  provide  service 
to  the  majority  of  receiving  locations.  For  the  coverage  of 
large  areas,  frequencies  from  200  to  approximately  1,000  kc 
are  well  suited.  These  frequencies,  however,  are  not  ideal 
because  of  the  limited  number  of  channels  available  and 
because  they  are  subject  to  sky-wave  interference,  particu- 
larly at  night,  if  the  channels  are  duplicated  within  a  region. 
Analysis  of  the  demands  of  the  various  nations  for  broadcast 
service  makes  it  amply  evident  that  extensive  duplication 
will  be  necessary,  and  therefore  the  nighttime  range  of  sta- 
tions operating  in  this  band  will  be  restricted. 

In  centers  of  concentrated  population,  where  several  dif- 
ferent programs  should  be  available,  VHF  sound  broadcast 
stations  can  provide  high  field  intensity  and  stable  transmis- 
sion conditions.  If  the  frequency  is  above  50  me,  sky-wave 
interference  over  long  distances  does  not  occur  for  any  ap- 
preciable percentage  of  the  time.  Other  intermittent  types  of 
interference  can  be  reduced  by  sufficient  geographical  spac- 
ing. 

If  one  assumes  that  there  are  no  receivers  in  the  hands  of 
the  public  and  that  a  sound  broadcast  system  is  to  be  pro- 
vided on  a  good  engineering  basis,  the  VHF  band  should  be 
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used  for  multiple-program  service  in  heavily  populated  areas 
and  LF  service  should  be  provided  for  the  large,  sparsely 
populated  areas.  The  LF  transmitters  should  operate  with 
very  high  power  and  should  be  so  located  that  they  provide 
optimum  coverage  of  the  area  involved.  It  is  recognized  that 
the  inherent  higher  cost  of  VHF  receivers  tends  to  retard  the 
use  of  VHF  frequencies  for  local  coverage,  but  the  better 
service  rendered  would  appear  to  more  than  compensate  for 
this  additional  cost. 

High-frequency  broadcasting  (2  to  25  me)  is  capable  of 
providing  an  inferior  broadcast  service  over  very  long  dis- 
tances. Even  with  extremely  high  power,  the  service  is  sub- 
ject to  wide  variations  over  long  and  short  periods  of  time, 
and  regular  changes  of  transmitter  frequency  are  required  in 
order  to  meet  changing  propagation  conditions.  With  equip- 
ment of  simple  design,  this  requires  the  listener  to  keep  track 
of  such  changes  so  that  he  can  continue  to  receive  programs. 
There  are  engineering  developments,  such  as  diversity  re- 
ception, single  side  band,  augmented  carrier,  etc.,  which 
could  be  employed  to  aid  in  overcoming  some  of  the  difficul- 
ties due  to  HF  propagation.  However,  the  limited  and  special- 
ized audience  of  these  stations  makes  it  difficult  from  a 
production  standpoint  to  provide  superior  receiving  equip- 
ment at  a  reasonable  cost. 

High-frequency  broadcasting  is  used  for  the  interchange 
of  cultural  programs  to  supplement  domestic  broadcasting 
in  countries  where  the  area  to  be  covered  is  great  and  the 
MF  broadcast  service  is  not  well  distributed  or  of  insufficient 
power,  to  transmit  programs  from  mother  countries  to  col- 
onies, and  for  the  transmission  of  programs  from  a  country 
to  its  nationals  in  other  countries  or  on  the  high  seas.  High- 
frequency  broadcasting  is  also  extensively  used  for  the  trans- 
mission of  propaganda  by  some  countries.  Under  the  peaceful 
conditions  assumed  in  this  chapter,  there  would  be  complete 
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freedom  of  information  among  countries  and  the  transmis- 
sion, under  arrangements  which  would  be  the  subject  of 
agreement,  would  be  accomplished  at  great  conservation  of 
frequency  space. 

The  transmission  of  cultural  programs  by  means  of  HF 
broadcasting  does  not  appear  to  be  sound  from  an  engineer- 
ing standpoint  because  of  the  inferior  quality  of  transmission 
by  this  means  and  because  of  the  difficulty  of  capturing  a 
large  audience  when  high-quality  domestic  service  is  avail- 
able to  the  majority  of  the  listeners.  Ideally  the.  interchange 
of  cultural  programs  should  take  place  by  means  of  pro- 
gram relay  over  high-quality  fixed  circuits  or  by  electrical 
transcriptions  or  tape  recordings  subsequently  broadcast 
over  the  domestic  system  of  the  country  concerned.  By  this 
means  the  programs  can  be  arranged  to  suit  requirements  of 
individual  countries  and  the  originating  country  can  be  as- 
sured of  the  greatest  possible  audience. 

The  domestic  use  of  ground-wave  transmission  at  high 
frequencies  is  unsatisfactory.  Even  in  tropical  zones  it  has 
been  shown  that  high-power  LF  stations  can  provide  more 
satisfactory  service.  (See  Chap.  2  of  the  International  Radio 
Consultative  Committee,  Study  Group  10  report.)  Some 
countries  employ  a  special  form  of  HF  domestic  sky-wave 
broadcasting  wherein  the  government  provides  special  re- 
ceivers at  public  places  in  isolated  communities  for  general 
listening.  Such  receivers  can  be  enabled  to  make  the  best  use 
of  the  unstable  HF  transmission.  This  service  can  be  consid- 
ered a  multiple-address  fixed  service  and  might  therefore 
occupy  the  HF  bands  with  other  fixed  services. 

High-frequency  broadcasting  would  appear  to  be  the  only 
economically  practicable  present  means  of  reaching  the 
nationals  of  a  given  country  on  the  high  seas  or  in  other 
countries.  However,  the  number  of  such  persons  is  small 
compared  with  the  total  number  of  people  which  radio  must 
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serve,  and  it  is  doubtful  if  a  large  amount  of  valuable  HF 
space  should  be  devoted  to  such  a  specialized  service.  Spe- 
cial arrangements  can  readily  be  made  in  the  fixed  and  mobile 
service  for  the  transmission  of  news  and  special  events  on 
occasions. 

In  view  of  the  foregoing,  an  ideal  allocation  would  not 
provide  for  the  operation  of  HF  broadcast  stations  for  re- 
ception by  the  general  public. 

A  major  trend  in  broadcast  service  is  toward  maximum  ex- 
tension of  the  combination  of  aural  and  visual  service  (tele- 
vision) requiring  wide  bands  and  a  stable  transmission 
medium.  This  combination  of  requirements  limits  television 
broadcasting  to  frequencies  above  approximately  50  me. 
Television  should  be  allocated  a  continuous  band. 

Present  growth  of  the  television  service  indicates  that  a 
minimum  of  four  television  programs  should  be  available  to 
each  major  population  center  and  that  very  large  cities  should 
have  as  many  as  eight.  To  satisfy  this  requirement  in  the 
United  States,  the  band  should  be  about  600  me  in  width. 
Power  of  the  transmitters  should  be  of  the  order  of  500  kw 
or  more,  and  the  transmitting  antennas  as  high  as  feasible 
in  order  to  provide  a  reasonable  distribution  of  system  cost 
between  transmitter  and  receivers  and  further  to  improve  the 
service. 

A  discussion  of  broadcast  service  would  not  be  complete 
without  mention  of  the  several  systems  of  distributing  broad- 
cast programs  by  wire  which  in  many  cases  have  rendered 
service  in  areas  not  adequately  covered  by  the  radio  broad- 
cast services.  These  systems  have  proved  economical  and 
also  assure  better  reception  quality. 

In  many  parts  of  the  world  central  receiving  stations  for 
aural  programs  have  been  established  and  the  received  pro- 
grams are  then  distributed  to  the  listener  over  the  telephone 
network  or  a  separate  wire  system. 
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In  the  United  States  a  number  of  wired  television  systems 
have  been  developed  recently  to  provide  programs  in  areas 
where  home  reception  is  difficult  because  of  the  distance 
fiom  the  television  stations  or  other  factors.  Some  of  these 
systems  are  designed  to  provide  programs  directly  rather 
than  by  reception  from  a  television  broadcast  station. 

Demand  for  facsimile  broadcast  service  has  not  developed 
at  the  present  time  to  any  great  extent,  probably  because  of 
the  efficiency  of  other  means  of  distribution  of  printed  mat- 
ter within  heavily  populated  areas.  It  is  quite  possible  that 
facsimile  service  for  rural  areas  will  become  of  importance, 
and  apparently  this  can  be  most  easily  provided  through  the 
off-hour  or  multiplex  use  of  aural  broadcast  stations. 

IDEAL  ALLOCATION  FOR  AURAL  AND  VISUAL  BROADCASTING 

0.18-1.2  me   (aural) 
100-700  me   (visual  and  aural) 
700-720  me   (aural) 


3.5    AMATEUR  SERVICE 


Amateur  radio  is  a  worldwide  hobby  embraced  by  over 
100,000  persons  in  all  walks  of  life  having  a  purely  personal 
interest  in  various  phases  of  radio  technique.  The  individual 
interests  in  amateur  service  are  as  varied  as  are  the  interests 
of  the  people  engaged  in  this  hobby.  Some  are  concerned 
with  the  technique  of  communication  by  radio  in  its  various 
forms,  others  in  the  technical  aspects,  and  still  others  in 
scientific  research. 

The  contribution  of  the  amateur  to  the  technical  and  prac- 
tical development  of  radio  is  recognized  by  all,  as  is  the  fact 
that  such  a  large  group  of  citizens  devoting  their  own  time 
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and  money  to  the  study  of  the  various  phases  of  radio  opera- 
tion constitutes  an  extremely  valuable  source  of  trained  per- 
sonnel. In  case  of  disaster  the  equipment  and  capability  of 
the  amateur  service  are  important  in  the  preservation  of  life 
and  property. 

To  encourage  the  continuation  of  this  valuable  hobby 
and  to  take  into  account  the  variety  of  interests  represented, 
appropriate  frequency  bands  in  various  parts  of  the  spectrum 
should  be  provided.  Provision  should  also  be  made  for  wide- 
band as  well  as  narrow-band  types  of  operation  so  that  ex- 
perimentation and  investigation  by  amateurs  will  not  be 
restricted. 

The  amateurs  present  a  difficult  allocation  problem  be- 
cause of  their  numbers  and  because  of  the  difficulty  of  weigh- 
ing the  importance  of  amateur  service  in  a  given  frequency 
range  as  against  other  services  which  must  occupy  the  same 
frequency  range.  As  a  result,  the  amateur  bands  have  been 
reduced  in  size  from  time  to  time  while  the  number  of  ama- 
teurs has  increased.  The  resulting  interference  has,  on  the 
one  hand,  restricted  those  amateurs  interested  in  communi- 
cation and,  on  the  other  hand,  encouraged  the  development 
of  types  of  equipment  capable  of  operating  under  the  increas- 
ingly difficult  conditions. 

The  ideal  allocation  for  the  amateur  service  would  include 
a  number  of  frequency  bands  in  harmonic  relation,  where 
possible,  the  width  of  the  band  to  be  determined  by  the 
amount  of  space  required  in  that  region  by  other  services 
carefully  determined  to  have  priority.  Amateurs  should  be 
permitted  to  use  the  industrial,  scientific,  and  medical  bands, 
since  some  communication  can  be  accomplished  even  in  the 
presence  of  severe  interference  and  in  addition  the  amateur 
may  well  develop  techniques  which  will  help  to  overcome 
interference. 
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IDEAL  ALLOCATION  FOR  THE  AMATEUR  SERVICE 

Bands  at: 

3.5  me 

7.0  me 

14  me 

28  me 

50  me 

720  me 

2,500  me 

5,000  me 

10,000  me 

20,000  me 

30,000  me 


3.6    LOCATION  AND  RANGING  SERVICES 


Radio  Location  Services 

Radio  has  been  used  for  location  and  ranging,  particularly 
in  connection  with  navigation,  for  a  great  many  years.  Radio 
direction  finding  has  been  used  in  the  maritime  and  aviation 
services  almost  as  long  as  radio  has  been  used  for  communi- 
cation in  these  services.  More  recently,  there  have  been  de- 
veloped pulse  devices  such  as  radar  and  loran  and  phase  or 
frequency  comparison  systems  such  as  FM  altimeters  and 
Consol.  Radio  location  and  ranging  are  used  primarily  as 
means  of  navigation,  but  radar  systems  and  others  are  also 
used  for  the  determination  of  exact  locations  over  water  or 
swamps  where  no  other  means  are  available.  Other  uses  of 
radio  location  and  ranging  are  to  determine  the  location  and 
direction  of  travel  of  unidentified  aircraft  and  of  storms  and 
for  scientific  purposes  such  as  ionospheric  sounding. 
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Aeronautical  Radio  Navigational  Services 

Because  of  the  ever-increasing  speed  and  density  of  aero- 
nautical traffic,  the  trend  toward  all-weather  flying,  and  the 
lack  of  defined  tracks  in  the  three-dimensional  medium  trav- 
ersed, the  aeronautical  service  places  increasing  reliance  on 
the  use  of  radio  for  navigation  and  control  purposes.  Present- 
day  air  traffic  is  dependent  upon  a  number  of  radio  aids 
which  have  been  developed  gradually  over  the  years.  Al- 
though the  requirements  for  a  complete  system  of  radio  aids 
to  aviation  have  been  well  formulated,  the  existence  of  serv- 
iceable equipment  providing  separate  functions  will  neces- 
sarily impede  implementation  of  such  a  complete  system.  It 
appears  quite  certain  that  the  aeronautical  aids  required  for 
overland  flying  may  all  be  provided  in  a  single  band  center- 
ing at  about  1,000  me.  The  requirement  for  long-distance 
aeronautical  navigation  can  be  met  by  a  system  utilizing  low 
frequencies. 

This  determination  assumes  that  a  complete  navigational 
service  would  be  established  in  the  1,000-mc  range  for  all 
overland  aeronautical  lanes  where  traffic  is  heavy  and  all- 
weather  flying  is  permitted.  It  further  assumes  that  the  con- 
trol of  the  system  will  be  on  the  ground,  where  adequate 
facilities  are  available,  and  that  no  military,  commercial,  or 
private  aircraft  may  be  flown  unless  equipped  with  an  essen- 
tial minimum  of  radio  equipment  to  ensure  its  safety  and 
the  safety  of  other  aircraft.  For  off-route  flying  some  of  the 
same  aids  may  be  used.  For  particular  purposes  air-borne 
radar  is  desirable,  for  example,  as  a  collision  warning  device 
in  off -route  flying.  It  could  be  operated  in  the  9,000-mc  band 
which  is  suggested  below  for  maritime  radar. 

The  aeronautical  service  has  been  given  the  highest  pri- 
ority in  the  past  because  safety  of  life  is  involved  in  its 
operations  and  because  it  depends  on  radio  for  navigational 
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functions.  Therefore,  a  large  amount  of  space  has  been  de- 
voted to  aeronautical  service  and  the  space  has  been  dis- 
tributed throughout  the  frequency  spectrum  in  order  to 
encourage  development.  While  the  present  trend  is  toward 
the  integrated  system  previously  noted,  the  industry  is  bring- 
ing into  use  new  and  radically  different  types  of  aircraft,  and 
the  requirements  are  certain  to  change  in  a  short  period  of 
time.  The  ideal  allocation  should  therefore  provide  for  about 
twice  as  much  spectrum  space  as  is  immediately  needed  in 
order  to  permit  the  simultaneous  development  of  new  system 
components  to  meet  future  requirements.  There  is  no  indica- 
tion that  the  usefulness  of  frequencies  between  500  and  3,000 
me  is  limited  by  propagation  factors.  Rather,  in  the  present 
state  of  the  art,  equipment  limitations  appear  to  be  the  con- 
trolling factor.  A  high-priority  service  should  operate  at  the 
lowest  frequency  at  which  sufficient  bandwidth  is  available. 
In  the  case  of  the  over-all  aeronautical  navigation  system  it 
would  appear  that  the  band  should  center  at  about  1,000  me. 


Maritime  Radio  Navigational  Services 

The  present  indications  are  that  the  maritime  services  require 
a  long-distance  radio  aid  for  positioning  with  reasonable  ac- 
curacy and  a  short-distance  aid  for  use  in  restricted  waters 
and  near  port  where  traffic  is  heavy.  The  long-distance  re- 
quirements can  be  met  through  the  use  of  the  same  LF,  long- 
distance aid  which  aircraft  uses  when  flying  over  water.  For 
short-distance,  shipboard  radar  with  appropriately  placed 
passive  or  active  responders  and  in  some  cases  land-based 
radar  for  harbor  traffic  coordination  will  be  sufficient.  The 
shipboard  radar  may  be  used  as  an  anticollision  device  in 
the  open  sea.  In  certain  instances  for  medium-range  offshore 
operations  it  may  be  desirable  to  provide  a  radiolocation  or 
navigation  system  for  special  purposes. 
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Land  Radio  Navigational  Service 

At  the  present  time  there  is  no  indicated  need  for  a  naviga- 
tion service  for  mobile  units  operating  on  land  except  in  re- 
mote desert  areas.  Should  such  a  need  develop,  it  can 
probably  be  integrated  with  the  navigation  service  provided 
for  the  aeronautical  and  maritime  services.  However,  since 
no  medium-range  service  is  available  over  rough  terrain  in 
the  frequency  bands  proposed  previously,  and  since  there  is 
a  requirement  for  a  medium-distance  radio  location  service, 
it  would  appear  that  a  small  band  near  2,000  kc  and  one  near 
900  me  should  be  made  available  for  either  land-navigation 
or  medium-distance  location  services. 

IDEAL  ALLOCATION  FOR  LOCATION  AND  RANGING  SERVICES 

0.12-0.18  me 
1.9-2.0  me 
900-1,900  me 
8,300-9,600  me 


3.7    SPECIAL  SERVICES 


There  are  a  large  number  of  existing  and  potential  radio  serv- 
ices which,  because  of  their  peculiar  nature  or  particular 
need,  are  best  treated  as  "special  services."  Some  of  these 
services  are  part  of  a  regular  service  but  have  requirements 
sufficiently  different  from  the  general  requirements  to  war- 
rant separate  consideration. 

An  excellent  example  is  the  standard  frequency  service 
which  is  a  broadcast  service,  but  not  a  program  service.  Other 
examples  are  meteorological  services  which  include  opera- 
tions similar  to  those  provided  under  other  service  designa- 
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tions  but  require  special  treatment  because  of  the  difference 
between  meteorological  requirements  and  other  require- 
ments for  a  comparable  type  of  operation.  Forestry  and  con- 
servation interests  require  fixed  and  mobile  service  but,  by 
the  nature  of  their  operations,  need  these  services  in  areas 
where  fixed  and  mobile  services  would  not  otherwise  be 
provided. 

There  are  numerous  beneficial  uses  of  radio  for  short-range 
communication  and  control  which  cannot  be  provided  within 
the  framework  of  the  services  previously  discussed.  Lower 
power  transmitters  might  be  carried  by  night  watchmen, 
construction  foremen  on  large  construction  projects,  farmers, 
and  even  fishermen.  Such  communications  do  not  require 
protection  from  interference  and  with  a  power  limitation 
could  be  established  in  a  reasonably  small  band.  In  a  "citi- 
zens' radio  service,"  for  example,  any  citizen  might  be  per- 
mitted to  operate  a  radio  transmitter  for  short-range  com- 
munication on  a  party-line  basis  with  no  protection  from 
interference  by  other  users  of  the  same  service. 

These  special  services  are  so  varied  that  it  is  impossible  to 
analyze  all  of  them  and  difficult  to  discern  their  trend,  except 
that  more  and  more  uses  for  such  services  are  being  consid- 
ered daily.  Frequencies  throughout  the  HF  band  should  be 
continued  for  the  standard  frequency  service,  and  suitable 
frequencies  provided  for  forestry  and  conservation.  Other 
special  services  may  be  established  in  four  parts  of  the  spec- 
trum, namely,  10  to  120  kc,  1  to  2.5  me,  20  to  50  me,  and  1,900 
to  2,400  me.  The  middle  two  ranges  are  transition  bands 
between  basic  types  of  propagation  and  as  such  are  subject 
to  serious  sky-wave  interference  during  certain  times  but 
are  not  useful  for  long-distance  sky-wave  transmission  be- 
cause of  the  relatively  limited  time  that  such  transmission  is 
effective.  These  bands  would  be  devoted  to  the  various  types 
of  low-power  special  service  which  can  tolerate  interference 


146  RADIO    SPECTRUM    CONSERVATION 

or  which,  because  of  the  very  short  communication  range, 
would  not  usually  be  subject  to  interference.  The  range  10 
to  120  kc  is  useful  for  special  fixed  services  in  polar  regions 
and  for  certain  other  fixed  operations  and  is  well  suited  to 
general  broadcasts  of  information  to  be  received  over  wide 
areas.  Portions  of  the  bands  may  be  set  aside  for  particular 
special  services  such  as  forestry  and  conservation. 

In  the  special  services,  provision  should  be  made  for  un- 
foreseen uses  of  radio.  It  may  be  reasonably  expected  that 
most  new  uses  will  be  within  the  basic  service  definitions 
and  therefore  could  be  included  with  the  allocation  to  such 
services.  Those  which  are  completely  new  may  be  placed  in 
bands  not  fully  occupied  by  a  regularly  allocated  service,  or 
if  they  are  of  sufficient  importance,  a  reallocation  can  be 
made.  It  is  not  believed  desirable  to  leave  portions  of  the 
spectrum  open  for  experimentation  or  development  of  new 
services  because  neither  the  best  position  in  the  spectrum 
nor  the  width  of  the  spectrum  can  be  determined  until  the 
use  to  which  it  is  to  be  put  is  decided  upon.  Experimental 
bands  of  frequencies  have  not  proved  ideally  useful,  and  it 
is  considered  that  experimentation  should  take  place  on  the 
most  appropriate  frequency  with  provisions  to  prevent  inter- 
ference with  established  services. 

In  this  brief  discussion  it  is  impossible  to  consider  all  the 
radio  uses  which  may  be  included  under  the  special  services. 
A  few  examples  will  serve  to  indicate  this  approach  to  the 
problem  and  permit  the  reader  to  expand  along  the  lines 
indicated.  The  meteorological  requirements,  for  example, 
include  fixed  circuits  which  would  be  part  of  the  regular 
fixed  service  and  mobile  circuits  to  aircraft  and  ships  which 
would  be  in  the  mobile  service.  There  may  be  other  meteor- 
ological requirements  which  fit  into  the  normal  service  pat- 
terns established,  but  in  addition,  frequencies  are  required 
for  balloon  radio  sounding,  radar  storm  tracking,  and  many 
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other  special  types  of  radio  operation.  It  is  proposed  that 
these  special  requirements  be  met  in  the  special  service  bands 
either  on  a  shared  basis  or  by  suballocation.  Another  unusual 
use  is  mobile  pickup  of  television,  not  to  be  confused  with 
the  usual  remote  pickup,  which  would  be  carried  by  the 
fixed  network.  Television  from  a  moving  truck,  aircraft,  ship, 
or  other  conveyance  where  the  pickup  is  made  while  in  mo- 
tion would  be  included  in  the  special  services  bands. 

IDEAL  ALLOCATION  FOR  SPECIAL   SERVICES 

0.01-0. 12  me 

1.2-1.9  me 

25-50  me 

1,900-2,400  me 

(Standard  frequency  bands  at  2.5,  5,  10,  15,  20,  25  me) 


3.8    INDUSTRIAL,   SCIENTIFIC,  AND  MEDICAL  USES 


In  industrial,  scientific,  and  medical  uses,  radiation  is  inci- 
dental to  the  primary  purpose  or,  if  radiation  is  essential, 
intelligence  is  not  conveyed.  The  conveying  of  intelligence 
is,  for  the  purpose  of  this  distinction,  broadly  defined  to  in- 
clude the  kind  of  intelligence  obtained  in  the  case  of  radio 
location  and  ranging,  telemetering,  remote  control  of  de- 
vices, as  well  as  ordinary  communication.  The  industrial, 
scientific,  and  medical  uses  are  therefore  confined  to  heating 
and  other  reactions  which  occur  in  substances  because  of  the 
presence  of  rapidly  varying  electric  fields. 

The  use  of  radio-frequency  generators  for  heating  is  very 
old.  Their  use  for  the  heating  of  the  elements  in  vacuum  tubes 
for  the  removal  of  gas  is  an  outstanding  example  of  this  tech- 
nique. In  recent  years  many  new  processes  have  developed 
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which  depend  upon  the  use  of  radio  frequency  for  heating, 
and  the  present  trend  is  toward  the  use  of  this  means  to 
speed  and  make  more  efficient  many  industrial  processes. 

It  is  certain  that,  with  expenditure  of  sufficient  money, 
incidental  radiation  from  these  devices  capable  of  causing 
interference  to  the  communication  and  radio  location  serv- 
ices can  be  suppressed.  However,  in  the  present  state  of  the 
art  the  public  interest  requires  that  some  of  these  devices  be 
built  cheaply  and  used  in  circumstances  where  control  of 
the  amount  of  radiation  is  not  economically  feasible.  It  ap- 
pears desirable,  therefore,  to  provide  frequency  bands  in 
which  such  devices  may  be  operated. 

Certain  frequency  ranges  are  required  to  perform  certain 
types  of  operation,  the  frequency  being  determined,  for  ex- 
ample, by  the  physical  size  of  the  material  to  be  treated  or 
the  dielectric  constant  of  the  material.  At  the  present  time, 
frequencies  throughout  the  spectrum  are  used  for  this  pur- 
pose. If  bands  were  provided  for  all  these  uses,  there  would 
be  nothing  left  for  the  communication  and  radio  location 
services.  Since  the  only  reason  for  not  suppressing  radiation 
from  these  devices  is  economic,  one  is  faced  with  the  prob- 
lem of  weighing  the  amount  of  spectrum  space  demanded 
against  the  cost  of  adequate  shielding  and  other  measures. 
These  operations  are  not  capable  of  interfering  with  each 
other  and  all  units  of  a  single  type  can  operate  on  one  fre- 
quency occupying  very  little  spectrum  space,  provided  the 
problem  of  maintaining  adequate  frequency  stability  is 
solved. 

The  ideal  allocation  would  provide  a  number  of  bands  in 
harmonic  relation  below  100  me  and  several  bands  above  100 
me,  the  bandwidth  being  limited  to  reach  a  compromise  be- 
tween the  cost  of  suppressing  radiation  and  of  maintaining 
adequate  frequency  stability. 
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IDEAL   ALLOCATION   FOR   INDUSTRIAL,    SCIENTIFIC, 
AND  MEDICAL  USES 

5  kc  at  approximately  3.5  me 
10  kc  at  approximately  7  me 
20  kc  at  approximately  14  me 
40  kc  at  approximately  28  me 
60  kc  at  approximately  42  me 
10  me  at  approximately  750  me 
30  me  at  approximately  2,500  me 
60  me  at  approximately  5,000  me 
120  me  at  approximately  10,000  me 
240  me  at  approximately  20,000  me 

Table  3.1  IDEAL  ALLOCATION  TABLE 


Frequency  bands 

10-  120  kc 

120-  180  kc 

180-  1,200  kc 

1,200-  1,800  kc 

1,800-  1,900  kc 

1,900-  2,000  kc 

2,000-  2,490  kc 

2,490-  2,510  kc 

2,510-  3,500  kc 

3,500-  3,750  kc 

3,750-  4,250  kc 
4,250-  4,990  kc 
4,990-  5,010  kc 
5,010-  7,000  kc 
7,000-  7,500  kc 

7,500-  9,500  kc 

9,500-  9,990  kc 

9,990-10,010  kc 

10,010-12,000  kc 

12,000-14,000  kc 

14,000-14,990  kc 

14,990-15,010  kc 


Service  (see  Sec.  3.1  and  Chap.  5) 
Special 

Navigation  (long  range) 
Broadcasting  (aural) 
Special 

Special  (forestry  and  conservation) 
Navigation  (medium  range) 
Mobile 

Special  (standard  frequency) 
Mobile 
Amateur    (industrial,    scientific,    and    medical 

shares  3,622.5-3,627.5  kc) 
Mobile 
Fixed 

Special  (standard  frequency) 
Fixed 
Amateur    (industrial,    scientific,    and    medical 

shares  7,245-7,255  kc) 
Mobile 
Fixed 

Special  (standard  frequency) 
Fixed 
Mobile 
Amateur    (industrial,    scientific,    and    medical 

shares  14,490-14,510  kc) 
Special  (standard  frequency) 


Frequency  bands 
15,010-17,000  kc 
17,000-19,900  kc 
19,990-20,010  kc 
20,010-21,000  kc 
21,000-24,990  kc 
24,990-25,010  kc 
25,010-28,000  kc 
28,000-30,000  kc 

30-  43.47  me 
43.47-  43.53  me 


43.53- 

50- 

54- 

100- 

700- 

720- 


50  me 
54  me 
100  me 
700  me 
720  me 
770  me 


770-      900  me 

900-  1,900  me 

1,900-  2,400  me 

2,400-  2,500  me 

2,500-  4,800  me 
4,800-  5,000  me 

5,000-  8,300  me 
8,300-  9,600  me 
9,600-10,000  me 

10,000-13,000  me 
13,000-19,200  me 
19,200-20,000  me 

20,000-28,800  me 
28,800-40,000  me 
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Service  (see  Sec.  3.1  and  Chap.  5) 
Fixed 
Mobile 

Special  (standard  frequency) 
Mobile 
Fixed 

Special  (standard  frequency) 
Special 
Amateur    (industrial,    scientific,    and    medical 

shares  28,980-29,020  kc) 
Special 

Industrial,  scientific,  and  medical  (amateur  op- 
eration permitted) 
Special 
Amateur 
Mobile 

Broadcasting  (visual  and  aural) 
Broadcasting  (aural) 
Amateur    (industrial,    scientific,    and    medical 

shares  740-750  me) 
Mobile 
Navigation 
Special 
Amateur    (industrial,    scientific,    and    medical 

shares  2,435-2,465  me) 
Fixed 
Amateur    (industrial,    scientific,    and    medical 

shares  4,870-4,930  me) 
Fixed 
Navigation 
Amateur     (industrial,    scientific,    and    medical 

shares  9,740-9,860  me) 
Fixed 

Future  assignment 
Amateur    (industrial,    scientific,    and    medical 

shares  19,480-19,720  me) 
Future  assignment 
Amateur 


Chapter  4 


A    CRITIQUE    OF    THE    PRESENT 
ALLOCATIONS 


4.1    GENERAL 


Despite  the  shortcomings  in  the  frequency  allocations  now 
in  effect,  radio  is  performing  all  over  the  world  in  effective 
fashion,  and  a  better  situation  exists  than  might  have  re- 
sulted in  view  of  the  many  difficulties.  The  present  state  in 
radio  has  been  reached  in  spite  of  frequent  revolutionary 
discoveries  and  changes  in  the  basic  factors.  Consequently, 
it  has  not  been  possible  to  set  up  an  allocation  plan  which 
would  be  satisfactory  for  more  than  a  few  years.  Only  within 
the  last  decade  has  sufficient  information  been  available  to 
permit  a  comprehensive  view  of  the  entire  spectrum.  Quanti- 
tative and  reasonably  exact  knowledge  is  available  about  all 
parts  of  the  spectrum  except  the  extreme  upper  end.  Chap- 
ter 2  of  this  book  gives  evidence  of  the  exactness  and  the 
extent  of  this  knowledge. 

The  high  degree  of  accomplishment  in  frequency  alloca- 
tion has  been  attained  in  large  part  by  international  coopera- 
tion, which  has  continued  steadily  since  its  astonishingly 
early  beginnings  in  1903  through  such  agencies  as  the  con- 
ferences of  the  International  Telecommunications  Union 
( ITU ) ,  the  newly  formed  International  Frequency  Registra- 
tion Board  (IFRB),  the  CCIR,  the  International  Scientific 
Radio  Union  (URSI),  and  the  Department  of  National  De- 
fense (DND)  (Canada).  In  this  country,  the  FCC,  CRPL, 
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IRE,  and  other  organizations  have  made  major  contributions. 
Even  with  such  cooperation,  present  allocations  have  been 
largely  the  result  of  unplanned  growth,  with  expediency 
often  dictating  decisions  and  assignments.  Especially  in  the 
region  above  30  me,  assignments  have  been  made  in  advance 
of  certain  knowledge  of  their  suitabilities,  some  cases  turning 
out  well  and  others  unfortunately.  Furthermore,  this  region 
was  "staked  out"  at  a  time  when  its  technical  characteristics 
were  little  known  and  when  government  and  military  serv- 
ices headed  the  list  of  priorities  because  of  war  or  approach- 
ing war. 

Introduction  of  changes  in  allocation  resulting  from  tech- 
nological progress  must  necessarily  lag  behind  new  develop- 
ments and  new  possibilities  in  use  of  the  spectrum.  The 
introduction  of  these  changes  must  be  timed  nicely;  herein 
is  one  of  the  great  problems  of  allocation.  If  changes  are 
made  too  soon,  mistakes  may  be  made  or  development  penal- 
ized; if  too  late,  implementation  and  operational  introduc- 
tion become  more  difficult  and  more  costly.  Nevertheless, 
the  application  of  wisdom  and  good  judgment  can  bring 
about  realization  of  the  benefits  of  technological  progress 
toward  an  ultimate  goal  pursuant  to  such  planning  as  that 
described  in  Chap.  3. 

It  would  help  enormously  if  adequate  propagation  research 
were  conducted  in  advance  of  service  use.  Usually,  propa- 
gation-research programs  are  not  sufficiently  extensive  to 
produce  adequate  results,  because  both  government  agencies 
and  industry  are  handicapped  in  financing  such  activity. 
Adequate  propagation  studies  usually  are  made  only  after  a 
new  service  has  provided  convenient  technical  facilities,  and 
even  then  the  studies  are  too  often  conducted  as  a  by- 
product in  the  regular  operation  of  the  new  service. 

The  problem  is  complicated  by  the  fact  that  knowledge  of 
the  propagation  laws  is  often  acquired  simultaneously  with 
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the  development  of  new  services.  The  desire  to  introduce  a 
new  radio  service  has  almost  always  appeared  before  full 
knowledge  was  available  concerning  the  behavior  of  the 
spectrum  segment  involved.  Under  these  conditions,  it  is 
inevitable  that  misfits  should  occur. 

A  limitation  on  improvement  in  allocations  exists  in  the 
reluctance  of  some  users  to  adopt  technological  improvements 
because  of  the  consequent  expense  of  replacing  old  equip- 
ment with  new.  For  example,  in  spite  of  the  demonstrated 
practicability  of  ship-to-shore  communication  for  over  ten 
years  beginning  in  1900,  it  was  not  until  after  the  "Titanic" 
disaster  in  1912  that  large  passenger  vessels  were  equipped 
with  radio  and  manned  throughout  the  day. 

Later,  in  spite  of  the  readily  demonstrated  superiority  and 
greater  efficiency  of  continuous-wave  systems  over  the  early 
spark  method,  displacement  of  the  latter  was  not  accom- 
plished until  it  was  compelled.  Even  now,  a  few  spark  trans- 
mitters are  in  operation. 

At  the  present  time,  in  spite  of  the  obviously  high  value  of 
electronic  navigational  aids,  such  as  radar  and  loran,  well 
known  for  over  five  years,  there  is  reluctance  on  the  part  of 
certain  maritime  operators  to  equip  their  ships  with  naviga- 
tional equipment. 

The  reluctance  to  install  a  new  service  is  usually  accom- 
panied by  continued  resistance  against  replacing  equipment 
with  improved  types,  even  after  a  reasonable  period  of  use 
and  obsolescence.  This  tendency  arises  largely  from  the  cir- 
cumstance that  amortization  of  most  equipment  other  than 
radio  is  based  on  a  rather  long  useful  life.  Radio,  being  in  a 
state  of  rapid  and  continuous  technical  development,  fre- 
quently makes  available  improvements  and  refinements 
which  represent  a  considerable  change  in  a  period  of  less 
than  ten  years.  Such  a  length  of  time  often  seems  to  operat- 
ing managements  to  be  too  short  a  period  to  justify  replace- 
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ment  of  apparatus  with  improved  types.  When  the  improved 
equipment  would  permit  beneficial  allocation  changes,  such 
changes  are  delayed. 


4.2  PRESENT  USE  OF  THE  SPECTRUM 
FROM  10  TO  200  KG 


As  indicated  in  Chap.  2,  on  propagation,  this  frequency  range 
is  useful  for  long-distance  transmission  by  ground  waves 
and  sky  waves.  It  is  allocated  primarily  to  the  fixed,  mobile, 
radio  navigation  and  (in  Europe)  broadcasting  services. 
The  first  uses  were  for  transoceanic  fixed  communication  and 
long-distance  maritime  mobile  communication.  After  the 
development  of  HF  techniques  and  their  utilization  in  the 
fixed  service,  LF  facilities  were  maintained  for  stand-by  use 
during  the  ionospheric  conditions  when  high  frequencies 
were  erratic. 

The  use  of  this  range  for  fixed  service  is  limited  by  the 
small  amount  of  frequency  space  available,  the  noise  level  in 
certain  regions,  and  the  large,  expensive,  and  difficult-to- 
maintain  antenna  structures  required  for  effective  radiation. 
Its  use  for  mobile  communication  is  limited  by  the  same 
considerations  plus  the  fact  that  highly  efficient  radiating 
systems  on  board  ships  and  aircraft  are  impracticable. 

Recently  various  long-range  radio  navigational  systems 
have  been  developed  and  proposed  for  use  in  this  frequency 
range  because  of  its  relatively  stable  propagation  behavior. 
A  universal  long-range  navigation  aid  will  unquestionably  be 
established  below  200  kc.  One  characteristic  of  propagation 
in  this  range  is  particularly  advantageous  in  navigation  aids; 
namely,  waves  at  these  frequencies  travel  over  land  with 
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only  slightly  more  absorption  than  over  sea  water.  This  makes 
it  possible  for  one  navigational  aid  system  to  serve  both  sur- 
face craft  and  aircraft  and  gives  greater  freedom  in  locating 
the  stations. 

In  the  European  region,  the  range  160  to  200  kc  is  used 
for  broadcasting.  Since  these  frequencies  have  low  ground 
absorption  and  are  effective  for  relatively  long  distances 
over  land,  they  are  well  suited  to  the  requirements  of  broad- 
casting to  rural  areas.  Unfortunately,  the  number  of  channels 
possible  in  the  range  is  very  small,  so  that  this  service,  in  a 
realistic  allocation,  must  extend  into  the  region  of  the  spec- 
trum considerably  above  200  kc. 


4.3    PRESENT  USE  OF  THE  SPECTRUM 
FROM  200  TO  2,000  KC 


Most  of  the  frequency  range  200  to  2,000  kc  is  used  for 
broadcasting  throughout  the  world.  The  international  allo- 
cation for  broadcasting  is  535  to  1605  kc,  and  in  the  Euro- 
pean region  the  ranges  150  to  255  kc  and,  to  a  lesser  extent, 
255  to  405  kc  also  are  used  for  broadcasting.  Frequencies 
above  535  kc  were  allocated  to  broadcasting,  not  because  the 
band  is  most  suitable  from  a  propagation  standpoint,  but 
because  it  was  the  only  available  band  at  the  time  broad- 
casting began.  The  location  of  this  service  would  be  better  if 
it  were  somewhat  lower,  because  greater  area  coverage  would 
be  provided. 

However,  the  space  allocated  to  sound  broadcasting  served 
the  basic  requirements  of  this  service  sufficiently  well  to 
enable  it  to  continue  its  rapid  growth  into  even  wider  use. 
These  basic  requirements  are: 
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1.  High-grade  signals  day  and  night  over  short  distances 
(approximately  50  miles) 

2.  Moderately  good  signals  at  night  over  distances  up  to 
a  few  hundred  miles 

An  unfortunate  condition  of  propagation  in  this  band  is 
the  discontinuous  nature  of  the  nighttime  service  area  from 
the  station  to  the  limit  of  the  range.  The  coverage  area  is 
broken  into  inner  and  outer  zones,  separated  by  a  fading 
zone  extending  about  50  to  75  miles  in  radius.  This  phenome- 
non is  caused  by  interference  between  the  ground  and  sky 
waves,  which  have  about  equal  strengths  in  this  critical  zone. 
Beyond  this  zone,  the  ground  wave  disappears  and  such 
fading  as  is  present  is  comparatively  free  of  distortion. 

In  spite  of  the  reasonably  satisfactory  allocation  to  aural 
broadcasting  in  this  band,  the  service  actually  rendered  has 
become  degraded  seriously  throughout  the  world  by  the 
assignment  and  operation  of  a  technically  excessive  number 
of  stations.  For  example,  in  the  United  States  of  America, 
106  channels  are  being  used  by  more  than  2,100  stations. 
Some  duplication  of  stations  on  a  channel  is  permissible, 
with  appropriate  attention  to  geographical  separation,  but 
the  interfering  range  of  stations  is  so  much  greater  than  the 
service  range  that  duplication  cannot  be  carried  very  far  in 
any  one  area.  Duplication  has,  in  fact,  been  carried  too  far 
in  many  areas,  with  the  result  that  good  sound  broadcasting 
service  outside  cities  and  suburbs  has  largely  disappeared. 
Even  urban-area  service  has  been  degraded;  many  stations 
which  give  good  service  in  the  daytime  to  a  radius  of  50 
miles  or  more  find. their  service  range  reduced  at  night  to  5 
or  10  miles. 

Under  the  existing  crowded  condition  of  the  spectrum,  it 
is  difficult  to  effect  a  major  improvement  in  aural  broadcast- 
ing allocation.  Studies  of  the  subject  should  differentiate 
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clearly  between  local  and  distant  service  areas,  because  an 
improvement  in  one  may  degrade  the  other.  An  expansion  of 
VHF  broadcasting  will  improve  local  broadcasting  but  can- 
not affect  rural  service  if  the  nearest  stations  are  a  few  hun- 
dred miles  distant.  Lowering  the  allocation  from  535  to 
about  200  kc  would  greatly  improve  the  rural  service,  pro- 
vided assignments  were  made  properly  and  appropriate 
power  were  used.  In  fact,  considerable  technical  improve- 
ment over  the  present  situation  is  possible  without  changing 
the  allocation,  merely  by  limiting  the  number  of  stations  on 
the  same  channel  and  increasing  power  to  appropriate  levels. 

Aeronautical,  maritime,  and  land  mobile  services  through- 
out the  world  occupy  portions  of  this  frequency  range.  The 
band  from  400  to  550  kc  has  been  used  for  many  years  for 
maritime  mobile  service  and  to  some  extent  for  aeronautical 
service.  The  frequency  500  kc  is  established  by  international 
agreements  for  distress  and  emergency  traffic.  This  alloca- 
tion was  made  before  there  was  very  extensive  knowledge 
of  propagation  or  equipment.  Although  attempts  are  now 
being  made  to  transfer  these  mobile  services  to  more  suitable 
ranges,  the  large  amount  of  equipment  and  the  consistent  use 
of  this  barid  over  many  years  continue  to  impede  the  transfer 
to  other  frequency  ranges. 

Radio  navigation  services,  primarily  aeronautical  but  in- 
cluding maritime  radio  direction  finding,  occupy  frequencies 
between  200  and  415  kc.  In  the  American  region  extensive 
use  is  made  of  this  band  for  aeronautical  radio  ranges.  These 
ranges  are  now  being  replaced  in  some  countries  with  VHF 
ranges.  Maritime  radio  beacons  used  for  direction  finding 
are  still  in  extensive  use  after  many  years  of  service.  The 
maritime  field  is  noted  for  its  reluctance  to  adopt  new  radio 
methods  and  equipment,  but  it  seems  certain  that  the  present 
beacons  will  eventually  be  replaced  by  newer  navigation 
aids. 
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Above  1,600  kc  the  band  is  used  throughout  the  world  for 
fixed  and  mobile  services,  primarily  for  coastal  shipping  in 
the  European  region  and  land  mobile  services  in  the  Ameri- 
can region.  These  frequencies  are  well  suited  to  medium- 
distance  maritime  mobile  communication,  and  antennas  of 
reasonable  efficiency  are  practicable  on  most  ships.  They  are 
not  well  suited  to  land  mobile  service  except  in  areas  where 
the  ground  conductivity  is  exceptionally  high.  The  land 
mobile  services  in  this  range  are  seriously  limited  at  night  by 
sky-wave  interference.  As  a  result,  the  short-distance  land 
mobile  users  are  rapidly  converting  to  VHP  systems,  and  it  is 
probable  that  in  a  reasonably  short  time  this  frequency  range 
can  be  allocated  to  medium-distance  maritime  mobile  serv- 
ices and  other  services  for  which  it  is  best  suited. 

The  band  1,800  to  2,000  kc  is  allocated  to  the  loran  system 
of  navigational  aid  which  is  operated  extensively  in  the 
North  Atlantic  and  Pacific  Oceans.  The  principles  of  opera- 
tion of  this  system  and  the  service  range  desired  require  that 
it  operate  either  in  this  part  of  the  frequency  spectrum,  where 
certain  sky-wave  reflections  are  sufficiently  stable  for  the 
purpose,  or  in  a  much  lower  part  of  the  spectrum,  where 
ground-wave  absorption  is  sufficiently  low  so  that  ground 
waves  can  be  used  to  the  necessary  distance,  which  may  be 
more  than  2,000  miles.  The  present  system  was  largely  in- 
stalled during  World  War  II  by  the  United  States. 

Better  performance  and  simpler  operation  can  be  achieved 
in  the  LF  range,  and  the  loran  system  or  some  other  long- 
range  system  should  be  established  in  that  portion  of  the 
spectrum  as  soon  as  it  is  feasible  to  do  so.  This  would  give 
some  additional  space  in  the  1,800-  to  2,000-kc  band  for 
needed  expansion  of  the  maritime  mobile  service. 
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4.4    PRESENT  USE  OF  THE  SPECTRUM 
FROM  2  TO  30  MC 


First  operations  in  the  frequency  spectrum  above  2  me  began 
at  about  the  time  of  World  War  I.  A  few  naval  systems  were 
operated  during  that  war  on  frequencies  near  3  me.  Strange 
to  say,  in  the  light  of  present-day  knowledge  of  propagation, 
the  naval  equipment  was  intended  for  very  short  range, 
communicating  over  a  few  miles  only.  That  its  range  was 
limited  to  a  few  miles  was  the  result  of  very  low  power  rather 
than  of  propagation  limitations  as  was  thought  at  the  time. 
In  the  years  immediately  following  World  War  I,  knowledge 
of  the  propagation  characteristics  of  this  part  of  the  spectrum 
increased  rapidly,  and  the  theory  and  practice  of  long-dis- 
tance radio  communication  was  revolutionized. 

The  range  4  to  30  me  was  found  to  be  well  suited  to  long- 
distance transmission,  both  day  and  night,  although  subject 
to  variations  and  peculiarities  because  the  transmission  was 
entirely  by  sky-wave  reflections.  Study  of  these  variations 
has  been  conducted  intensively  for  the  past  25  years,  and 
now  they  are  understood  sufficiently  well  so  that  advance 
prediction  is  feasible.  The  operation  of  long-distance  com- 
mercial communication  circuits  can  now  be  conducted  with 
efficiency  under  all  but  rare  and  most  extreme  conditions. 

Because  of  the  effectiveness  of  this  band  in  long-distance 
communication,  many  services  desire  to  use  it.  These  include 
transoceanic  telegraphy,  telephony,  and  broadcasting;  mari- 
time telegraphy  and  telephony;  aeronautical  and  amateur 
communication;  and  navigational  and  meteorological  aids. 
In  consequence,  this  band  has  become  the  most  congested 
part  of  the  spectrum. 

There  is  considerable  difference  in  performance  between 
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the  two  ends  of  this  band  of  the  spectrum.  The  low  end  of 
the  band  is  more  useful  during  the  low  part  of  the  sunspot 
activity  cycle,  while  the  upper  part  of  the  range  (above  21 
me)  is  more  useful  during  the  highly  active  part  of  the  cycle. 
Most  of  the  long-distance  services  do  not  require  frequencies 
below  3.5  me,  and  therefore  the  range  of  2  to  3.5  me  is  de- 
voted throughout  the  world  to  short-range  mobile  services, 
including  maritime  mobile  telephone  and  aeronautical.  Some 
short-distance  fixed  circuits  are  operated  below  3.5  me,  and 
some  frequencies  have  been  allocated  to  tropical  broadcast- 
ing. These  services  are  moving  gradually  to  VHF,  where  they 
can  obtain  equivalent  performance  and  where  they  will  cause 
less  interference  to  other  services  at  greater  distances. 

The  fixed  stations  in  this  region  are  generally  of  low  power 
and  operate  intermittently;  while  the  frequency  range  is  not 
particularly  appropriate,  many  of  them  will  continue  for  a 
number  of  years.  Broadcasting  in  tropical  zones  was  estab- 
lished on  the  assumption  that  the  signal-to-noise  ratio  in 
tropical  regions  would  be  more  satisfactory  at  frequencies 
between  2  and  4  me.  Subsequently  it  has  been  found,  for 
areas  of  average  or  even  high  ground  conductivity,  that  the 
ground-wave  signal  at  these  frequencies  decreases  so  rapidly 
that  the  signal-to-noise  ratio  is  not  so  good  at  distances  of  10 
to  30  miles  as  it  would  be  at  a  lower  frequency.  The  existence 
of  receivers  in  the  hands  of  the  public  will  require  mainte- 
nance of  a  "tropical  broadcasting"  allocation  for  some  time, 
although  it  is  certain  that  better  service  generally  can  be 
provided  below  1,500  kc  and  a  much  better  service  above  50 
me. 

The  frequency  range  above  3.5  me  is  devoted  to  long- 
distance service,  including  maritime  and  aeronautical  mobile, 
fixed,  broadcasting,  and  amateur.  Each  of  these  services  has 
a  series  of  bands  throughout  this  range  to  permit  selection  of 
optimum  frequency,  which  depends  upon  the  distance  in- 
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volved,  the  time  of  day,  and  the  solar  activity.  Because  of 
these  variables,  several  frequencies  are  required  for  each 
station.  During  low  sunspot  activity,  all  the  services  in  the  HF 
bands  except  amateur  and  other  intermittent  operations 
must  have  frequencies  between  3  and  7  me  in  order  to  main- 
tain communication.  During  high  sunspot  activity  higher 
frequencies  can  be  used,  since  the  total  amount  of  frequency 
space  available  is  then  greater  and  the  range  of  frequency 
which  can  be  used  to  maintain  a  given  circuit  is  greater.  As 
a  result,  during  periods  of  high  sunspot  activity,  operation  of 
the  various  services  is  fairly  satisfactory.  During  low  sunspot 
activity,  on  the  other  hand,  congestion  and  resultant  inter- 
ference are  great. 

During  the  high-activity  portion  of  the  solar  cycle,  these 
services  must  have  frequencies  above  7  me.  Since  more  chan- 
nels are  available  above  7  me  than  below  it,  the  congestion 
and  interference  problem  is  not  so  serious  above  7  me  as  it  is 
below  it.  Below  7  me  the  problem  is  extremely  difficult  and 
there  appears  to  be  no  wholly  satisfactory  solution  at  present. 
Future  improvement  in  techniques  may  permit  reduction  in 
bandwidth  with  consequent  increase  in  number  of  channels 
available  or  allow  some  users  to  move  to  other  parts  of  the 
spectrum. 

In  maritime  coastal  and  inland  waters  telephony,  alloca- 
tions are  in  the  MF-HF  and  VHF  regions  of  the  spectrum,* 
but  most  of  the  present  use  is  in  the  band  2  to  3  me.  The 
number  of  users  has  increased  enormously  during  the  past 
few  years,  so  that  congestion,  interference,  and  traffic  delay 
are  excessive.  The  use  of  this  band  is  increasing  steadily,  and 
this  trend  promises  to  continue  for  several  years. 

The  MF-HF  region  allocated  is  suited  to  the  user  require- 
ments and  in  fact  is  essential  to  the  great  majority  of  com- 
munications required.  Some  of  the  traffic  is  over  distances 

*  See  the  table  at  end  of  the  Introduction  which  defines  these  terms. 
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short  enough  to  utilize  VHF  frequencies;  such  a  shift  in  allo- 
cation can  relieve  the  MF-HF  congestion.  A  test  survey  at  one 
U.S.  coastal  harbor  station,  under  average  conditions,  showed 
that  about  40  per  cent  of  the  total  traffic  with  all  types  of 
vessels  could  be  effected  by  VHF. 

While  VHF  has  not  had  much  use  in  this  field  as  yet, 
chiefly  for  lack  of  equipment  and  the  reluctance  of  users  to 
install  additional  equipment,  it  is  obvious  that  VHF  service 
should  be  used  wherever  practicable  to  relieve  congestion  in 
the  2-  to  3-mc  band.  Even  when  this  change  is  put  into  effect, 
it  appears  that  congestion  will  continue  to  be  severe  because 
of  the  continued  growth  of  the  service  requirements. 

In  HF  international  broadcasting,  bands  are  distributed 
through  the  range  6  to  25  me  to  provide  for  service  under  the 
wide  variety  of  propagation  conditions.  However,  the  bands 
are  greatly  overcrowded  with  transmitters.  Congestion  is 
especially  severe  in  the  lower  bands  (6  to  9  me)  during 
the  evening  hours  in  the  three  principal  reception  areas 
(Europe,  the  Americas,  the  Far  East).  In  the  6-mc  band, 
at  1,800  to  2,200  GMT,  transmitting  stations  are  operating 
in  or  near  Europe  on  nearly  every  5-kc  channel,  and  in 
some  cases  two  or  three  transmitters  operate  on  the  same 
channel.  Other  transmitters  operate  above  and  below  the 
allocated  limits  of  the  band. 

Even  in  the  absence  of  interference,  the  quality  of  recep- 
tion in  HF  international  broadcasting  is  not  good  because  of 
the  propagation  vagaries  of  high  frequencies  and  the  relative 
inefficiency  of  receiving  antennas  in  home  installations.  Con- 
sequently there  has  been  a  trend  away  from  HF  broadcasting 
in  areas  where  other  broadcast  services  render  good  service. 
For  example,  in  the  United  States,  the  public  generally  has 
lost  interest  in  HF  broadcast  reception,  and  as  a  result  very 
few  receivers  with  provisions  for  the  reception  of  HF  bands 
are  now  marketed.  Contributing  to  this  condition  is  the  fact 
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that  especially  noteworthy  international  events  are  picked 
up  by  the  various  networks,  using  special  equipment  and 
antenna  systems,  and  rebroadcast  on  the  standard  broadcast 
frequencies,  with  consequent  better  quality  than  direct  re- 
ception in  the  home  could  achieve. 

The  present  situation  in  HF  broadcasting  is  that  more  and 
more  transmitters  are  being  used,  creating  additional  inter- 
ference, while  there  is  generally  less  and  less  listening  to  HF 
broadcasts.  The  public  interest  would  appear  to  require  a 
reduction  in  the  total  frequency  utilization.  The  transmitters 
which  can  be  justified  should  operate  at  still  higher  power 
with  selective  programming  directed  to  the  best  listening 
hours  in  the  area  to  be  served. 

The  worldwide  interference  capability  of  HF  transmission, 
the  heavy  pressure  for  space  in  this  part  of  the  spectrum  by 
governments  and  private  services,  and  the  uncertainty  of 
the  degree  of  future  growth  of  all  these  users  make  the  prob- 
lem of  allocation  exceedingly  difficult  to  solve.  Two  inter- 
national conferences,  during  the  past  three  years,  have  failed 
to  arrive  at  an  acceptable  solution. 

In  the  fixed  services,  37  bands  are  allocated  between  2.25 
and  29.99  me.  Allocations  cover  the  required  range  of  the 
spectrum  fairly  well,  although  some  higherrfrequency  bands 
could  be  used  advantageously  during  one  extreme  of  the 
solar  cycle.  Hope  for  improvement  of  the  present  unsatis- 
factory situation  seems  to  lie  less  in  the  obtainment  of  more 
frequencies  than  in  the  reduction  of  the  number  of  circuits 
(by  elimination  of  unnecessary  duplications)  and  by  the 
introduction  of  apparatus  and  system  improvements  already 
known  to  be  practicable. 

The  aeronautical  services  also  have  allocations  scattered 
throughout  this  range.  Some  of  these,  involving  communica- 
tion to  aircraft,  could  utilize  the  VHF  range  instead  of  the 
HF,  because  the  altitude  of  aircraft  permits  greater  working 
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ranges  on  VHF  frequencies,  and  such  transfer  to  the  VHF 
region  would  lessen  congestion  in  the  HF  region.  However, 
the  problem  of  conversion  is  not  easily  solved,  as  is  usual 
when  a  service  has  become  established  solidly  in  one  part  of 
the  spectrum.  The  economic  factors  involved  probably  pre- 
clude complete  transfer  from  the  HF  region  for  some  years 
to  come. 

The  total  spectrum  space  now  available  for  aviation  com- 
munication appears  to  be  adequate,  and  any  new  require- 
ments likely  to  arise  in  the  near  future  can  be  met  by 
apparatus  improvements  based  upon  techniques  already 
known  and  available.  For  example,  much  of  the  apparatus  now 
in  use  does  not  have  high  performance  in  frequency  stability, 
whereas  practicable  performance  approaches  0.001  per  cent. 
Additional  channels  are  therefore  possible  within  existing 
allocations  to  accommodate  future  requirements. 

In  the  evaluation  of  aeronautical  communication  require- 
ments, it  is  important  to  take  account  of  certain  special 
operational  conditions.  In  both  domestic  and  international 
air-to-ground  communication,  voice  is  the  principal  method 
of  modulation  and  is  increasing  in  extent  of  use.  Because  of 
such  factors  as  the  language  difficulty  in  the  international 
field,  the  duplicated  transmissions  of  identical  requested 
weather  information  to  aircraft,  and  the  requirements  of 
traffic  control,  a  relatively  large  amount  of  communication 
takes  place  in  proportion  to  the  intelligence  conveyed. 


4.5    PRESENT  USE  OF  THE  SPECTRUM 
FROM  30  TO  3,000  MC 


The  30-  to  3,000-mc  range  is  well  suited  to  short-distance 
communication  of  all  kinds,  except  that  the  low  portion  of 
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the  range  (below  about  50  me)  can  produce  serious  inter- 
ference at  long  distances  under  some  conditions  of  the  iono- 
sphere. Since  the  band  is  effective  for  short-distance 
communication,  it  is  used  extensively  by  the  fixed,  mobile, 
broadcasting,  navigation,  and  amateur  services.  In  the  aero- 
nautical mobile  service,  the  utility  of  this  frequency  range  is 
affected  adversely  by  the  long  distances  at  which  interference 
can  be  caused  by  transmissions  from  high-flying  aircraft. 

The  most  extensive  use  of  the  range  is  found  in  the  Ameri- 
can region,  particularly  in  the  United  States,  where  VHP 
sound  broadcasting  and  television  broadcasting  have  built 
up  large  new  services.  Mobile  communications  in  this  range 
have  been  adopted  by  many  new  users.  Over  300,000  mobile 
transmitters  are  now  licensed  for  operation  in  the  United 
States,  and  additional  ones  are  being  licensed  at  a  rate  of 
12,000  to  15,000  per  year. 

The  frequencies  in  this  range  of  the  spectrum  are  high 
enough  to  permit  efficient  wide-band  modulation  of  trans- 
mitter carrier  frequencies.  Therefore  such  wide-band  appli- 
cations as  television  and  FM  telephony  can  utilize  this  range, 
whereas  they  cannot  modulate  efficiently  in  the  lower-fre- 
quency ranges.  Since  this  range  of  the  spectrum  does  not 
provide  reliable  long-distance  transmission,  these  applica- 
tions must  be  built  up  commercially  and  economically  on  a 
short-distance  basis. 

The  availability  of  techniques  and  equipment  suitable  for 
commercial  operation  in  this  range  burst  upon  the  radio 
world  rather  suddenly  (about  the  year  1935),  and  various 
services  were  introduced  and  accompanying  frequency  allo- 
cations set  up  before  the  propagation  behavior  of  this  range 
of  the  spectrum  was  thoroughly  understood. 

The  band  30  to  60  me  has  effective  ground-wave  trans- 
mission considerably  better  than  that  of  slightly  higher  fre- 
quencies. Therefore  this  portion  of  the  range  is  more  efficient 
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for  vehicle-to-vehicle  operation  in  the  mobile  service,  where 
low-power  transmitters  and  low  antennas  must  be  used.  How- 
ever, the  transmissions  are  subject  to  shielding  by  obstruc- 
tions such  as  buildings  and  rough  terrain.  The  greatest 
disadvantage  of  the  30-  to  60-mc  range  is  sporadic  transmis- 
sion to  great  distances,  which  causes  serious  interference  to 
other  transmissions.  It  appears  advisable,  from  the  interna- 
tional allocation  standpoint,  not  to  establish  critical  or  high- 
power  services  below  about  50  me,  because  serious 
interference  can  be  expected  during  at  least  the  high  part 
of  the  solar  cycle. 

According  to  presently  available  data,  the  aeronautical 
mobile  service  is  not  adversely  affected  by  propagation  con- 
ditions in  its  air-to-ground  communication  anywhere  in  the 
range  up  to  3,000  me.  This  service  has  numerous  allocated 
bands  from  100  to  3,000  me,  allocated  originally  on  a  basis  of 
equipment  availability. 

The  allocations  to  aeronautical  navigation  service  are 
somewhat  unwieldy  because  many  of  them  were  set  up 
individually  as  the  requirements  appeared.  The  requirements 
arose  sequentially  during  the  period  when  propagation  in 
the  HF,  VHF,  and  UHF  regions  was  little  understood.  Sim- 
plification of  the  allocations  is  desirable.  In  the  United  States 
a  plan  (known  as  "RTCA  SC-31")  has  been  developed  and  a 
transition  program  under  the  plan  is  being  implemented.  It 
is  intended  to  complete  the  ultimate  program  by  1963. 

The  heart  of  the  SC-31  system  is  the  band  960  to  1,215  me. 
Since  these  higher  frequencies  are  usable  in  air-to-ground 
service  and  have  the  advantage  of  small  antennas  particu- 
larly suitable  for  aircraft,  the  relinquishment  by  aeronautical 
services  of  frequency  space  now  occupied  elsewhere  is  a 
future  possibility. 

The  land  mobile  services  have  allocations  in  the  neighbor- 
hoods of  40  to  60,  150  and  450  me.  The  60-mc  band  is  sub- 
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ject  to  shielding  by  obstacles  such  as  buildings  and  moun- 
tains and  to  sporadic  interference.  The  150-mc  band  is 
excellent  in  practically  every  respect  for  land  mobile  com- 
munications. While  this  band  is  closely  limited  to  "line-of- 
sight"  operation,  reflections  from  obstacles  fill  in  the  "shad- 
ows" behind  other  obstacles.  The  150-mc  band  covers  less 
distance  than  the  60-mc  band  under  conditions  of  smooth 
terrain  or  under  other  circumstances  where  advantage  can- 
not be  taken  of  the  multiple  reflections  from  intervening 
obstacles.  Consequently,  the  150-mc  band  is  preferred  for 
urban  and  metropolitan  mobile  services.  It  should  be  noted 
that  the  property  of  "filling-in"  shadows,  which  is  prominent 
at  150  me  and  above,  is  not  wholly  effective  in  any  system 
which  must  transmit  information  at  a  high  time  rate  as,  for 
instance,  television.  In  such  systems,  the  reception  of  mul- 
tiple reflections  from  which  the  property  is  derived  results 
in  distortion,  multiple  images,  etc.  In  telegraphy  and  teleph- 
ony other  than  high-fidelity  sound  broadcasting,  the  distor- 
tions are  not  serious  enough  to  outweigh  the  advantages. 

The  450-mc  band,  for  lack  of  equipment,  has  not  been 
used  extensively  as  yet  in  the  mobile  services.  It  promises  to 
be  effective  for  urban  and  metropolitan  services.  The  degree 
of  utility  will  depend  upon  the  adequacy  of  the  engineering 
standards  set  up  to  control  assignments  to  particular  users. 
The  matters  of  channel  width,  frequency  stability,  receiver 
design,  and  various  other  system  standards,  if  correctly  de- 
termined initially,  will  assure  most  effective  use  of  the  band. 
Sound  engineering  standards  in  allocation  and  assignment 
of  both  the  450-  and  150-mc  bands  are  necessary  if  the  very 
rapid  growth  of  mobile  systems  is  not  to  result  in  intolerable 
congestion  and  interference  in  the  near  future. 

Very-high-frequency  aural  broadcasting  as  assigned  at 
present  in  the  United  States  can  be  said  to  have  adequate 
space  and  a  satisfactory  location  in  the  spectrum. 
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In  the  future,  when  the  relationships  of  urban  and  rural 
listening,  and  the  relationship  between  aural  and  visual 
broadcasting  have  become  more  definitely  established,  some 
other  region  of  the  spectrum  may  be  more  advantageous  for 
aural  broadcasting,  either  higher  or  lower  in  frequency. 
Higher  regions  could  utilize  either  FM  or  AM.  Lower  regions 
(LF)  would  necessarily  use  AM.  Studies  of  VHF  broadcast- 
ing should  take  account  of  the  fact  that  it  cannot  give,  in 
large  countries  such  as  the  United  States,  the  extent  of 
nationwide  coverage  which  is  given  by  stations  in  the  MF 
part  of  the  spectrum  without  an  uneconomic  number  of  sta- 
tions. Medium-frequency  (standard  broadcast)  stations  can 
serve  an  urban  area  and  a  large  rural  area  simultaneously. 
This  fact  made  possible  the  rapid  and  wide  use  of  sound 
broadcasting,  even  in  areas  unable  to  support  a  station  be- 
cause of  sparse  population. 

Television  broadcasting  has  worldwide  allocations,  vary- 
ing somewhat  in  the  several  regions,  as  follows :  54  to  72  me, 
76  to  88  me,  174  to  216  me,  470  to  960  me.  In  the  United 
States  the  allocations  are  54  to  72  me,  76  to  88  me,  174  to  216 
me,  470  to  890  me. 

Present  American  television  operations  are  of  large  magni- 
tude, although  only  107  stations  are  in  operation  and  are  to 
date  confined  to  the  first  three  bands  listed  above.  The.  chan- 
nel width  assigned  is  6  me,  which  has  proved  satisfactory  for 
current  black-and-white  techniques.  After  considerable  test- 
ing experience,  this  channel  width  has  been  found  to  be 
sufficient  to  accommodate  foreseeable  future  developments, 
including  color  television.  The  basic  requirement  of  tele- 
vision broadcasting  is  the  same  as  that  of  sound  broadcasting, 
namely,  to  reach  all  people  in  a  given  area  requiring  service 
regardless  of  their  particular  locations,  with  stations  so  lo- 
cated that  the  service  area  of  each  includes  enough  listeners 
to  support  it.  Television  unfortunately  cannot  use  that  part 
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of  the  frequency  spectrum  which  made  it  easy  for  sound 
broadcasting  to  serve  both  short  and  long  distances  with  one 
station,  because  its  channel-width  requirement  is  too  great. 
Television  must  operate  in  the  VHF  region  or  higher,  with 
resulting  limitation  in  range  and  area  which  each  station  can 
serve.  Consequently  it  appears  that  special  attention  must  be 
given  to  the  problem  of  certain  areas  having  sparse  popula- 
tion, insufficient  to  justify  erection  and  operation  of  tele- 
vision stations,  which  cannot  have  television  broadcast 
service  except  perhaps  by  some  special  arrangements  such 
as  community  distribution  by  wire  or  relay  transmitters. 

The  minimum  bandwidth  of  a  channel  is  6  me.  Several 
scores  of  channels  are  necessary  for  good  service  in  a  large 
country,  so  that  the  space  in  the  spectrum  required  for  tele- 
vision broadcasting  totals  many  hundreds  of  megacycles. 
The  present  allocation  provides  this  amount  of  space,  but  it 
is  broken  up  into  the  four  bands  of  contiguous  channels 
listed  above,  some  of  which  are  widely  separated.  This  ar- 
rangement imposes  considerable  penalty  on  apparatus  design 
and  performance,  especially  receivers.  Apparatus  can  always 
be  simpler  and  less  costly  if  the  frequency  bands  it  uses 
are  contiguous.  In  addition,  system-operating  problems  are 
simplified  if  the  frequency  range  is  not  so  great  that  dissimi- 
lar behavior  among  stations  is  produced  by  different  propa- 
gation characteristics.  The  present  allocation,  extending  from 
54  to  960  me,  covers  the  tremendous  range  of  906  me,  yet 
only  572  me  of  this  space  is  allocated  to  television.  The  maxi- 
mum and  minimum  frequencies  are  in  the  ratio  of  over  16  to 
1,  a  serious  handicap  in  the  design  and  performance  of  appa- 
ratus. If  the  same  amount  of  spectrum  space  were  made  con- 
tinuous, as  from  54  to  626  me,  the  ratio  of  the  limiting 
frequencies  would  be  only  about  11  to  1. 

The  present  situation  resulted  from  an  insufficient  alloca- 
tion made  at  a  time  when  knowledge  was  limited  as  to  the 
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eventual  needs  of  the  service  and  when  knowledge  of  propa- 
gation characteristics  was  meager. 

In  the  United  States,  the  current  service  reaches  some- 
what more  than  one-half  of  the  entire  population  and  is  es- 
tablished in  the  54-  to  72-,  76-  to  88-,  and  174-  to  216-mc 
bands.  Future  expansion  is  contemplated  for  the  470-  to 
890-mc  band.  This  choice  seems  unfortunate  in  that  opera- 
tion would  be  much  more  efficient  in  the  region  immediately 
above  216  me.  This  region  is  now  occupied  by  services  which 
could  operate  effectively  in  a  higher  part  of  the  spectrum. 

Most  of  the  bands  allocated  to  industrial,  scientific,  medi- 
cal, and  miscellaneous  noncommunication  devices  are  in  the 
region  above  30  me.  Two  bands  are  below  it,  and  an  addi- 
tional one  is  desired  in  the  vicinity  of  6  me. 

Allocations  were  made  to  these  devices  because  it  appeared 
to  be  impracticable  to  construct  them  in  such  manner  that 
they  would  not  radiate  sufficiently  to  cause  interference  to 
radio  communication  services.  Minimum  interference  is 
caused  if  they  are  assigned  specific  bands  and  required  to 
operate  within  those  bands.  This  condition  still  exists  but 
has  lessened  since  allocations  were  made  originally.  There  is 
now  general  agreement  among  manufacturers  of  these  de- 
vices, based  on  experience,  that  it  is  frequently  more  prac- 
ticable to  provide  shielding  of  the  devices  sufficient  to  prevent 
troublesome  radiation  than  to  provide  means  for  holding 
frequencies  sufficiently  constant  to  stay  within  the  allocated 
bands.  Consequently,  manufacture  is  tending  in  this  direc- 
tion, and  successful  shielding  is  being  achieved.  In  the  United 
States,  only  a  few  complaints  have  been  received  during  the 
past  year,  and  these  were  due  to  failure  to  follow  manufac- 
turers' instructions.  However,  it  should  be  emphasized  that 
radiation  from  industrial  devices,  like  smoke  abatement  and 
the  prevention  of  the  pollution  of  water  supplies,  is  a  matter 
which  is  best  checked  at  its  inception. 
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It  is  likely  that  many  existing  and  new  devices  will  have 
to  be  frequency-controlled  within  allocated  bands  until  suffi- 
cient knowledge  of  shielding  methods  is  acquired  to  control 
radiation  under  all  circumstances.  It  may  well  be  that  certain 
devices,  because  of  their  very  close  proximity  to  receivers 
with  which  they  may  interfere,  will  never  be  adequately 
shielded  and  must  always  operate  in  allocated  bands. 

Medical  diathermy  equipment  is  especially  difficult  to 
control,  and  present  practice  utilizes  both  shielding  and  fre- 
quency control  methods.  However,  good  results  have  been 
obtained.  Mr.  George  Sterling,  Commissioner  of  the  FCC, 
has  stated1'*  that  medical  diathermy  equipment  now  has 
"generally  good  records  of  noninterfering  operation." 

It  appears  that  the  present  frequency  allocations  in  this 
field  meet  adequately  the  needs  of  the  industry  and  of  the 
radio  communication  services  and  that  the  allocations  will 
continue  to  be  required  for  some  time,  although  there  is  hope 
that  eventually  they  may  be  eliminated. 


4.6  PRESENT  USE  OF  THE  SPECTRUM 
FROM  3,000  TO  300,000  MC 

This  region  of  the  spectrum  is  still  largely  experimental  in 
nature,  since  established  commercial  services  have  had  ex- 
perience only  with  frequencies  near  the  lower  limit.  The  first 
utilization  of  this  region  was  by  military  radar,  which  began 
operational  use  in  1943.  Since  then  military  radar  has  ex- 
panded greatly  in  this  region. 

Maritime  radar  and  relaying  for  various  purposes  have 
been  the  only  commercial  uses  of  appreciable  scope.  Some 

*  Numbered  references  appear  under  appropriate  chapter  headings  in 
the  Bibliography. 
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authorities  believe  that  radio  services,  as  known  today,  will 
never  find  useful  application  on  frequencies  in  the  upper 
part  of  this  region.  On  the  other  hand,  others  now  hold  that 
there  is  a  possibility  of  finding  in  the  upper  part  of  this  region 
new  phenomena,  perhaps  capable  of  producing  biological 
effects,  as  well  as  new  radio  services. 

Another  interesting  possibility  of  the  extremely  high  fre- 
quencies arises  from  the  fact  that  the  physical  dimensions 
of  associated  radiating  elements  are  so  small  that  very  high 
directivity  of  the  radiation  is  feasible.  With  wavelengths  of 
the  order  of  1  mm  (300,000  me),  concentration  of  high  power 
in  very  small  area  beams  becomes  possible.  Such  concentra- 
tion of  electric  power  in  high-energy  density  beams  may  have 
other  applications  than  communication,  as,  for  example,  the 
drilling  of  holes  or  other  mechanical  operations.  Such  con- 
siderations are  wholly  speculative  at  this  time,  and  practical 
use  and  conclusions  are  confined  at  present  to  the  lowest 
portion  of  this  range.  Conclusive  findings  of  conditions  and 
possibilities  in  the  upper  part  of  this  region  and  above  cannot 
be  stated  at  this  time. 

Maritime  radar  has  present  allocations  as  follows: 

3,000-3,246  me 
5,460-5,650  me 
9,320-9,500  me 

The  second  of  these  is  used  little  at  present.  The  first  and 
third  are  widely  used,  and  opinion  is  divided  as  to  their 
merits.  The  9,000-mc  band  is  preferable  with  respect  to  reso- 
lution, minimum  range,  and  antenna  size,  and  the  3,000-mc 
band  is  preferable  with  respect  to  stability  and  ease  of  manu- 
facture. Operation  on  the  9,000-mc  band  is  affected  by  heavy 
rainfall,  if  this  covers  a  considerable  part  of  the  path  be- 
tween instrument  and  target,  but  this  condition  occurs  so 
rarely  that  it  is  outweighed  by  the  advantages  mentioned. 
Use  of  the  9,000-mc  band  is  increasing  rapidly  as  installation 
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of  radar  extends  to  smaller  ships  and  boats.  British  ships  are 
required  by  law  to  use  this  band. 

Interference  is  not  a  problem  in  maritime  radar  at  present 
and  probably  will  not  become  one  until  the  number  of  in- 
stallations in  use  is  very  much  larger  than  at  present.  In  gen- 
eral, the  allocation  situation  in  maritime  radar  is  satisfac- 
tory. 

It  is  important  to  note  that,  while  the  absorption  caused  by 
rain  in  the  transmission  path  begins  to  be  appreciable  at  fre- 
quencies in  the  vicinity  of  5,000  me  in  radar  operation,  it  is 
not  equally  appreciable  in  radio  communication  operation 
until  frequencies  of  20,000  me  or  higher  are  reached.  This  is 
because  radar  utilizes  very  weak  reflected  signals. 

Relaying  and  point-to-point  transmission  of  wide  bands  of 
communications,  as  in  television  and  multiplex  telephony 
and  telegraphy,  have  reached  a  stage  of  rather  general  use, 
especially  in  the  regions  of  4,000  and  7,500  me.  Higher  fre- 
quencies will  undoubtedly  come  into  general  use. 

Certain  properties  of  frequencies  in  this  region  make  them 
especially  well  adapted  for  use  in  long-distance  relaying. 
The  feasibility  of  highly  directive  antenna  systems  and  the 
property  of  high  attenuation  beyond  the  horizon,  with  conse- 
quent freedom  from  interference  beyond  the  intended  receiv- 
ing point,  make  feasible  relaying  without  the  use  of  much 
frequency  spectrum  space.  A  chain  of  relay  stations  can  re- 
peat the  same  frequency  with  only  moderate  distance  sepa- 
ration, especially  if  zigzagging  of  station  locations  is  em- 
ployed. 

A  highly  developed  form  of  relay  system  is  being  intro- 
duced currently  in  the  United  States  by  the  Bell  System,  and 
transcontinental  operation  began  in  September,  1951.  This 
is  capable  of  transmitting  four  television  channels  simul- 
taneously both  eastward  and  westward  and  telephone  traffic 
for  the  total  distance  of  more  than  3,000  miles  (4,800  km).1-2 
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Comparable  relay  facilities  in  private  service  are  being  in- 
stalled extensively  throughout  the  United  States  and  abroad. 

In  this  system,  more  than  one  hundred  relay  stations  are 
involved.  Tests  indicate  that  there  is  no  substantial  degrada- 
tion in  signal  quality.  The  wide  band  of  frequencies  em- 
ployed, the  high  antenna  directivity,  and  the  low  power  of 
transmitters  combine  to  make  such  use  of  this  region  of  the 
spectrum  advantageous. 

A  second  network  operating  in  this  band  of  frequencies  is 
being  installed  in  the  United  States  by  the  Western  Union 
Telegraph  Company.3  It  is  reasonable  to  expect  that  these 
systems  are  the  beginnings  of  extensive  networks  which  ulti- 
mately will  cover  most  of  North  America  as  well  as  other  large 
continental  areas.  It  is  clear  that,  as  systems  of  this  kind  de- 
velop and  expand,  allocation  problems  will  increase  also  and 
there  will  be  need  for  substantial  frequency  space. 

In  addition  to  the  telephone  and  telegraph  UHF  networks 
open  to  public  correspondence  in  the  United  States  there  is 
now  an  increasing  number  of  private  operators  of  UHF  or 
SHF  relay  systems  for  particular  purposes.  Pipe-line  compa- 
nies transporting  oil  or  gas  are  large  users  of  microwave 
relays,  some  systems  extending  as  much  as  1,840  miles,  and 
a  number  of  other  relays  are  in  regular  operation. 


Chapter  5 


DYNAMIC    CONSERVATION 
OF    SPECTRUM    RESOURCES 

5.1    PAST  LESSONS  AND  PRESENT  PROBLEMS 


In  the  past,  extensions  of  the  upper-frequency  limit  of  the 
radio  spectrum  have  provided  room  for  the  expansion  of 
established  services  and  the  introduction  of  new  ones.  The 
useful  limit  was  once  thought  to  be  1.5  me,  but  during  the 
past  three  decades  there  have  been  extensions  to  30,  300, 
3,000,  and  most  recently  300,000  me.  Measured  in  frequency 
space,  this  represents  the  discovery  and  occupation  of  a  spec- 
trum 200,000  times  as  large  as  was  initially  envisaged.  Such 
an  expansion,  as  visualized  in  1925,  might  have  taken  care  of 
all  foreseeable  requirements. 

For  many  reasons  this  vast  extension  of  the  spectrum  has 
not  relieved  the  congestion  of  existing  services.  The  new  re- 
gions display  technical  properties  not  suitable  for  many  exist- 
ing services.  Operators  have  in  other  cases  been  unable  or 
unwilling  to  invest  in  new  equipment.  Even  in  cases  where 
considerable  expansion  has  occurred,  as,  for  example,  in  the 
land-mobile  services  from  the  initial  allocation  at  2  me  to  new 
bands  above  30  me,  the  old  bands  have  been  retained. 

Even  if  full  advantage  is  taken  of  the  newly  available 
space,  a  limit  must  ultimately  be  reached.  In  fact,  the  end 
of  the  extension  of  the  useful  radio  spectrum  seems  now  in 
sight,  in  view  of  the  difficulties  of  transmitter  power  genera- 
tion, the  high  attenuation  at  certain  frequencies,  and  poor 
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receiver  sensitivity  encountered  at  frequencies  above  100,000 
me.  These  difficulties  may  be  overcome  in  time,  but  it  is 
unwise  to  depend  on  such  an  eventuality  in  laying  down 
plans  for  the  next  decade. 

The  present  congested  situation  can  be  remedied  only  in 
small  measure  by  the  transfer  of  services  to  higher  frequen- 
cies. We  are  confronted,  therefore,  with  an  economy  of 
scarcity  in  spectrum  allocation;  we  may  expect  that  the  de- 
mand for  spectrum  space  will  increasingly  exceed  the  supply. 
If  the  HF  and  VHF  regions  appear  congested  today,  we  can 
well  imagine  the  state  of  affairs  10  or  20  years  hence  as  cur- 
rent trends  continue. 

The  radio  spectrum  is,  then,  a  public  domain  of  limited 
extent.  When  it  becomes  clear  that  a  natural  resource  is  thus 
limited,  the  evident  course  is  to  establish  a  program  of  con- 
servation. When  the  end  use  of  the  natural  resource  is  stabi- 
lized, as  it  is  in  forestry,  water  power,  and  certain  forms  of 
mineral  wealth,  a  static  policy  of  conservation  may  suffice  in 
which  the  trend  of  past  consumption  is  plotted  against 
the  known  reserves  and  the  resources  disposed  accord- 
ingly. 

No  such  static  policy  will  suffice  in  the  conservation  of  the 
radio  spectrum.  One  cannot  extrapolate  on  the  basis  of  past 
demand,  because  new  forms  of  service  appear  with  discon- 
certing regularity.  Many  of  the  newer  services,  particularly 
in  the  field  of  aural  and  visual  broadcasting,  consume  amounts 
of  spectrum  space  tens  or  hundreds  of  times  greater,  for  each 
station,  than  is  needed  in  the  older  services.  Moreover,  the 
nature  of  the  natural  resource  is  not  perfectly  understood; 
we  still  have  much  to  learn  concerning  propagation  and  inter- 
ference effects,  for  example,  on  frequencies  above  100  me. 
Without  such  knowledge,  it  is  futile  to  set  up  a  fixed  plan  of 
administration.  What  is  needed,  rather,  is  a  program  of  dy- 
namic conservation  which  sets  up  a  procedure  for  changing 
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allocations  as  new  services  of  great  value  appear  and  as  older 
ones  lessen  in  relative  value.  This  procedure  must  be  equi- 
table, and  it  must  be  based  on  sound  technical  and  economic 
principles. 

Such  a  dynamic  program  of  conservation,  courageously 
and  wisely  administered  by  all  the  nations  of  the  world, 
would  ensure  the  efficient  use  of  spectrum  space  for  the  maxi- 
mum benefit  of  the  world's  population.  It  would  provide  a 
method  of  arbitrating  among  the  conflicting  demands  and 
requirements  of  different  services  and  competing  users  of  the 
spectrum.  It  would  accommodate  new  services  as  their  value 
is  established  and  close  out  or  restrict  older  services  as  their 
value  wanes.  It  would  take  account  of  advances  in  the  knowl- 
edge of  propagation  and  improvements  in  apparatus  which 
lead  to  more  efficient  and  more  conservative  use  of  the  spec- 
trum. It  would  exploit  the  benefits  of  competition,  while 
avoiding  the  excesses  of  competitive  zeal  on  the  one  hand 
and  the  static  tendencies  of  monopoly  on  the  other. 

The  purpose  of  this  chapter  is  to  explore  the  implications 
of  such  a  dynamic  conservation  program  and  to  state  some  of 
the  technical  and  economic  measures  necessary  to  put  it  into 
effect.  As  a  starting  point,  in  the  following  section  the  ideal 
condition  of  spectrum  utilization  is  expressed  in  terms  of  a 
definition  of  full  occupancy  of  the  spectrum  with  respect  to 
frequency,  time,  and  geography.  Various  factors— technical, 
economic,  and  sociological— which  tend  to  prevent  attain- 
ment of  full  occupancy  are  then  discussed.  The  extent  to 
which  these  limitations  are  real,  i.e.,  inevitable  in  technical 
fact  or  inherent  in  the  social  structure  of  our  times,  is  then  con- 
sidered. The  extent  to  which  such  limitations  are  artificial,  i.e., 
subject  to  technical  improvement  or  to  correction  by  the  ap- 
plication of  sound  economics,  provides  the  avenue  of  progress 
now  open  to  those  who  administer  the  use  of  the  spectrum. 
The  final  sections  discuss  specific  measures,  technical  and 
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economic,  which  may  be  used  to  implement  the  proposed 
program  of  dynamic  conservation. 

Throughout  this  book  it  should  be  realized  that  the  broad 
point  of  view  taken  tends  to  obscure  the  intrinsic  values 
involved  in  the  utilization  of  the  radio  spectrum.  It  is  neces- 
sary, for  example,  to  discuss  the  radio  services  in  broad  cate- 
gories, such  as  fixed,  mobile,  broadcast,  amateur,  special, 
location  and  ranging,  and  industrial  and  scientific  applica- 
tions. But  these  terms  give  little  information,  except  to  those 
whose  professional  life  is  very  close  to  the  allocations  prob- 
lem, concerning  the  actual  end  uses  of  radio  as  they  affect 
commerce,  industry,  and  the  public  welfare.  In  order  to  orient 
readers  more  concerned  with  such  end  uses  than  with  broad 
categories,  the  accompanying  table  has  been  prepared.  It 
comprises  a  list  of  some  80  different  applications  of  radio, 
arranged  according  to  the  broad  classifications  mentioned 
above  and  patterned  after  the  terminology  used  by  the  FCC. 
While  this  list  has  a  formidable  appearance,  it  is  worthy  of 
more  than  cursory  inspection.  Only  in  terms  of  such  specific 
applications  can  the  general  problem  of  spectrum  allocation 
be  visualized  concretely  as  an  urgent  reality,  involving  every 
channel  of  commerce,  the  operation  of  every  form  of  trans- 
portation, protection  of  life  and  property,  and  the  education 
and  entertainment  of  hundreds  of  millions  of  people.  So  visu- 
alized, optimum  utilization  of  the  spectrum  is  no  academic 
matter.  It  deserves  the  close  attention  of  everyone  engaged 
professionally  in  radio  engineering,  not  merely  those  whose 
duties  take  them  to  administrative  proceedings  and  inter- 
national conferences. 
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Table  5.  END  USES  OF  RADIO 

Communication  Purposes 

1.  Fixed  services: 

Aeronautical  fixed 

Remote  pickup 

Studio-transmitter  link   (standard  broadcast) 

Studio-transmitter  link   (FM  broadcast) 

Studio-transmitter  link   (television  broadcast) 

Television  intercity  relay 

Television  pickup 

Citizens'  radio 

Miscellaneous  common  carrier 

Fixed  public   (international) 

Fixed  public   (domestic) 

Forest  products 

Motion  picture 

Power 

Petroleum 

Relay  press 

Special  industrial 

Highway  truck 

Intercity  bus 

Railroads 

Urban  transit 

Fire 

Forestry  conservation 

Highway  maintenance 

Police 

Special  emergency 

State  Guard 

Government 

2.  Mobile  services: 

Aeronautical  advisory 
Aeronautical  land 
Aircraft 

Airdrome  control 
Flight  test  stations 
Flying  schools 
Remote  pickup 
Television  pickup 
Citizens'  radio 
Domestic  public  mobile 
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Miscellaneous  common  carrier 

Forest  products 

Low-power  industrial 

Motion  picture 

Power 

Petroleum 

Relay  press 

Special  industrial 

Automobile  emergency 

Highway  truck 

Intercity  bus 

Railroads 

Taxicab 

Urban  transit 

Coastal  harbor 

Coastal  telegraph 

Coastal  telephone 

Ship  telegraph 

Ship  telephone 

Fire 

Forestry  conservation 

Highway  maintenance 

Police 

Special  emergency 

State  Guard 

Government 

3.  Broadcast  services: 

Developmental  broadcast 

Educational   (FM)   broadcast 

Experimental  facsimile 

Facsimile  broadcast 

FM  broadcast 

High-frequency   (international)   broadcast 

Standard  broadcast 

Television  broadcast 

Experimental  broadcast 

Government 

4.  Amateur  services: 

Amateur 

5.  Special  services: 

Special  service  bands  are  not  allocated.  However,  a  number  of 
government  and  nongovernment  services  would  logically  be 
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placed  in  such  bands  within  the  terms  of  the  Atlantic  City 
definition  for  this  service. 

Location  and  Ranging  Uses 
J.    Radiolocation  services: 
Radiolocation 

2.  Navigation  services: 

Aeronautical  radar 
Shipboard  radar 
Government 

3.  Special  services: 

Government 

Industrial  and  Scientific  Uses 

1.    Industrial,  scientific,  and  medical  uses: 
Medical  diathermy 
Industrial  heating 
Miscellaneous 


5.2    IDEAL  AND  ACTUAL  CONDITIONS 
OF  SPECTRUM  OCCUPANCY 

The  ideal  condition  of  spectrum  occupancy  may  be  defined 
as  follows:  The  limit  of  spectrum  occupancy  occurs  when  all 
portions  of  the  spectrum  are  fully,  continuously,  and  uni- 
formly utilized  and  each  frequency  assignment  is  employed 
by  many  stations  so  arranged  that  their  service  areas  are  ad- 
jacent but  do  not  overlap.  This  criterion,  academic  though  it 
is  in  terms  of  the  actual  occupancy  of  the  spectrum,  empha- 
sizes the  three  ways  in  which  the  spectrum  can  be  occupied: 
in  frequency,  in  time,  and  in  geographical  location.  It  states 
without  ambiguity  the  limit  beyond  which  we  can  never 
hope  to  go.  Another  way  of  stating  the  proposition  is  this: 
Full  occupancy  of  the  spectrum  exists  when  every  differen- 
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tially  spaced  frequency  within  the  spectrum  is  found  to  be 
occupied  with  useful  carriers  or  side-band  signals  of  sufficient 
strength  to  override  interfering  signals  and  noise,  no  matter 
where  on  earth  or  at  what  time  the  investigation  is  made. 

It  may  be  objected  that  it  is  pointless  to  define  spectrum 
occupancy  in  this  manner,  since  full  occupancy  would  imply 
no  distinguishing  features  among  the  side  bands  and  no  in- 
telligence can  be  communicated  under  these  circumstances. 
This  fact  is  recognized  in  the  following  discussion.  The  fore- 
going definition  of  spectrum  occupancy  has,  nevertheless, 
the  advantage  of  simplicity  and  definiteness.  A  more  realistic 
definition  would  involve  explicit  assumptions  concerning  the 
modulation  methods  and  might  lose  generality  as  new  modu- 
lation methods  are  introduced. 

Full  occupancy,  so  defined,  can  be  approached,  but  it  can 
never  be  reached  for  many  technical,  economic,  and  socio- 
logical reasons.  Among  the  technical  deterrents  to  full  occu- 
pancy are: 

1.  Portions  of  the  spectrum  must  be  reserved,  in  the  form 
of  "carrier  tolerances,"  to  accommodate  unavoidable  varia- 
tions in  carrier  frequencies.  The  amount  so  required  varies 
from  a  thousandth  of  a  per  cent  of  the  carrier  frequency  to 
about  1  per  cent,  depending  on  the  frequency  and  the  state 
of  equipment  development.  Space  so  reserved  serves  only  to 
avoid  interference;  it  does  not  otherwise  contribute  to  the 
transmission  of  intelligence.  In  most  cases  the  carrier  toler- 
ance is  a  small  portion  of  the  channel  width,  so  the  loss  of 
occupancy  thus  incurred  is  not  great.  But  the  loss  is  one 
which  can  be  reduced  by  purely  technical  means,  provided 
only  that  sufficient  incentive  is  offered  to  justify  the  cost. 

2.  All  known  methods  of  modulation  involve  concentra- 
tions of  energy  at  particular  regions  of  the  channel  occupied. 
This  fact  is  a  fundamental  postulate  of  the  theory  of  infor- 
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mation  transmission  and  cannot  be  circumvented.  Conse- 
quently no  station  can  occupy  its  channel  continuously  and 
uniformly,  as  full  occupancy  would  require,  if  it  is  to  convey 
useful  intelligence.  There  are,  nevertheless,  wide  differences 
among  methods  of  modulation  regarding  the  density  of  the 
side  bands.  In  some  services,  side-band  density  can  be  in- 
creased, with  resulting  improvement  in  occupancy,  by  suit- 
able choice  of  modulation  method.  The  proposal  for  "fre- 
quency-interleaved" side  bands  in  color  television  is  an  ex- 
ample, of  particular  interest  in  view  of  the  wide  channels 
required  for  this  service.  The  loss  of  occupancy  due  to  this 
cause  is  very  great;  it  is  largely,  but  not  wholly,  unavoidable. 

3.  The    theory    of    information    transmission    also    indi- 
cates  that  the  signal-to-interference  ratio,  for  intelligible 
transmission,  must  exceed  unity  by  a  substantial  amount. 
While  this  requirement  is  not  fundamental   (signals  may 
be   perceived   through   overwhelming   interference   if   suf- 
ficient time  is  available  for  correlation  of  the  signal  compo- 
nents), it  is  sufficiently  true  in  practice  to  constitute  a  valid 
basis  for  allocations  planning.  As  a  result,  even  under  per- 
fectly uniform  conditions  of  propagation,  the  area  over  which 
a  station  causes  interference  is  appreciable  larger  than  the 
area  over  which  it  renders  service.  The  service  areas  of  two 
stations  assigned  to  the  same  frequency  can,  therefore,  never 
be  adjacent,  as  full  geographic  occupancy  would  require. 
Rather  the  service  areas  must  be  separated  by  a  zone  within 
which  interference  is  so  prominent  as  to  preclude  service. 

4.  The  service  and  interference  areas  vary  in  size  with  the 
condition  of  the  atmosphere,  particularly  of  the  ionosphere  at 
frequencies  below  about  50  me  and  of  the  troposphere  at  fre- 
quencies above  50  me.  These  variations  are  usually  of  great 
magnitude,  may  be  sporadic  or  periodic,  and  are  almost  im- 
possible to  predict  in  detail.  Two  results  of  these  phenomena 
are  of  paramount  importance:  in  the  first  place,  the  occa- 
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sional  interference  range  of  a  transmitter,  during  exceptional 
conditions  of  long-distance  transmission,  is  very  much  greater 
than  the  reliable  range  of  service,  which  must  depend  on 
normal  propagation.  This  effect  forces  much  wider  geo- 
graphical separation  of  stations  than  would  otherwise  be 
necessary  (under  the  conditions  outlined  in  3  above)  and 
sharply  reduces  the  geographical  occupancy  of  the  spec- 
trum. In  the  second  place,  periodic  (diurnal  and  seasonal) 
variations  in  propagation  require  the  assignment  of  several 
frequencies  to  many  classes  of  station,  only  one  of  which  is 
in  use  at  a  time,  depending  on  the  time  of  day  (or  season) 
and  the  distance  to  be  covered.  The  frequencies  assigned  but 
unused  at  a  particular  time  can  be  used  by  other  stations  only 
if  a  carefully  coordinated  program  of  sharing  frequencies  is 
instituted.  While  technically  possible,  such  sharing  is  diffi- 
cult to  administer  beyond  the  confines  of  a  single  operating 
organization.  The  net  result  is  a  frequency  and  time  occu- 
pancy of  the  spectrum  far  below  that  which  would  obtain 
under  steady  conditions  of  propagation.  Little  can  be  done 
about  this,  beyond  continued  studies  of  propagation  looking 
toward  better  prediction  methods.  Even  with  perfect  predic- 
tion, large  blocks  of  spectrum  space  would  have  to  be  used 
to  accommodate  unavoidable  changes  in  service  and  inter- 
ference ranges. 

5.  In  nearly  all  classes  of  stations,  except  broadcast  stations 
and  microwave  relay  stations,  the  interference  sector  (angle 
from  the  station  over  which  interference  is  caused)  vastly 
exceeds  the  service  sector.  This  is  particularly  true  of  sta- 
tions (maritime  and  aeronautical  mobile  stations,  for  exam- 
ple) which  cannot  conveniently  use  directive  antenna 
systems  and  consequently  cause  interference  in  all  directions 
while  communicating  predominantly  in  one  direction.  The 
geographical  loss  of  occupancy  thus  incurred  is  beyond  cal- 
culation. Directional  antennas  can  be  used  much  more  widely 
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than  they  are  at  present;  this  is,  in  fact,  one  of  the  most  prom- 
ising technical  approaches  to  improved  occupancy. 

6.  A  related  problem  arises  from  the  fact  that  many  classes 
of  stations  (maritime  and  aeronautical)  are  mobile  and  travel 
over  distances  which  are  great  compared  with  the  service 
and  interference  ranges  of  the  transmitters  carried.  A  large 
allowance  in  geographical  occupancy  for  each  such  station 
is  required  compared  with  that  for  an  equivalent  station  at  a 
fixed  point.  Since  the  very  mobility  of  these  stations  is  the 
primary  justification  for  radio  as  a  means  of  communication 
and  guidance,  this  fact  must  be  accepted  as  an  unavoidable 
attribute  of  these  classes  of  service. 

Other  limitations  on  full  occupancy  spring  primarily  from 
economic  causes : 

7.  The  need  for  radio  communication  evidently  varies,  in 
the  great  majority  of  services,  with  the  time  of  day,  to  a  less 
extent  with  the  season,  and  is  subject  to  major  changes  in 
accordance  with  the  state  of  business  activity,  condition  of 
war  or  peace,  and  similar  social  circumstance.  Continuous 
operation  of  such  services  serves  no  purpose. 

8.  Variations  in  population  density  require  great  concen- 
trations of  service  in  and  near  cities,  whereas  in  deserts,  ocean 
areas,  and  polar  regions,  terminals  of  communication  either 
do  not  exist  or  are  widely  scattered.  Full  geographical  occu- 
pancy evidently  serves  no  economic  purpose  in  the  latter 
regions.  The  areas  of  greatest  population  density  are  in  gen- 
eral the  limiting  factor  in  geographical  occupancy.  In  most 
classes  of  service,  the  rule  is:  "Allocate  for  the  cities  and 
terminals  and  you  allocate  for  all." 

9.  Occupancy  of  the  spectrum,  in  any  event,  occurs  only 
when  an  economic  purpose  is  served.  Economic  situations 
traditionally  develop,  even  in  the  best  planned  of  societies, 
in  haphazard  fashion  or  at  least  in  a  manner  which  cannot  be 
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predicted  accurately.  When  the  plan  for  occupancy  of  a  given 
region  of  the  spectrum  is  first  laid  down,  therefore,  changes 
must  be  anticipated.  A  reasonable  procedure  must  be  set  up 
for  correcting  such  inequities  and  inefficiencies  as  may  appear 
as  the  new  terrain  is  settled  and  the  direction  of  economic 
forces  becomes  manifest.  Many  of  the  errors  now  evident  in 
allocations  have  been  recognized  for  years  but  have  been 
perpetuated  for  lack  of  such  a  corrective  procedure  or  by  the 
unwillingness  of  particular  administrations  to  adhere  to  one. 

Consideration  of  these  nine  limitations  upon  full  occu- 
pancy shows  that  progress  toward  better  spectrum  utilization 
can  be  made  in  certain  directions  through  the  employment  of 
better  techniques  and  rational  administration.  Progress  is 
blocked,  in  other  directions,  by  the  facts  of  nature  and  of 
social  organization. 

It  is,  perhaps,  hopeless  to  expect  that  the  restrictive  postu- 
lates of  information  theory  or  vagaries  of  radio-wave  propa- 
gation can  be  circumvented,  particularly  insofar  as  they 
cause  the  interference  area  of  a  station  to  exceed  its  service 
area  by  a  substantial  amount.  It  is  equally  hopeless  to  over- 
come the  effects  of  nonuniform  distribution  of  population. 
These  limitations  must  be  accepted.  What  remains  is  to  take 
concrete  action  in  those  directions  admitting  improvement. 


5.3    TECHNICAL  MEASURES  TO  IMPLEMENT 
DYNAMIC  CONSERVATION 


The  limitations  governing  spectrum  occupancy  discussed  in 
the  previous  section  suggest  a  number  of  corrective  measures, 
some  rooted  in  the  design  and  operation  of  technical  equip- 
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merit,  others  in  the  administration  of  allocations.  The  tech- 
nical measures  comprise  the  early  adoption  of  methods  con- 
tributing to  spectrum  conservation,  with  due  regard  for  the 
benefits  and  costs  involved.  The  administrative  steps  involve 
applying  sound  doctrine  in  comparing  the  economic  and 
social  values  of  competing  services. 

In  adopting  these  measures,  great  care  must  be  exercised 
to  avoid  foreclosing  future  developments.  The  cornerstone 
of  the  conservative  program  should  be  the  encouragement  of 
and,  as  far  as  possible,  advance  provisions  for  new  services 
having  more  extensive  or  comprehensive  values  than  the  old. 
Such  unborn  methods  and  services  may  have,  in  fact,  at  least 
as  important  claims  on  our  natural  resources  as  the  services 
currently  occupying  the  spectrum.  The  evaluation  of  the 
relative  importance  of  the  old  and  the  new  is,  in  fact,  the 
most  delicate  task  in  the  administration  of  the  spectrum. 

The  following  suggestions  are  offered,  therefore,  on  the 
assumption  that  necessary  steps  have  been  taken  and  are  in 
continuous  effect  to  encourage  experimentation  with  new 
services  throughout  the  spectrum.  The  suggestions  apply  in 
particular  to  services  which  have  passed  the  experimental 
stage  and  have  entered  or  are  about  to  enter  regular  opera- 
tion. 

On  this  basis,  the  following  measures  are  indicated: 

1.  Experimental  authorizations  to  develop  new  services 
should  be  granted  in  all  regions  of  the  spectrum,  subject  to 
reasonable  safeguards  to  prevent  interference  with  existing 
services.  When  a  radio  service  performs  a  function  which 
can  be  performed  by  nonradio  equipment  (e.g.,  wire  lines), 
the  permanent  establishment  of  the  radio  service,  beyond  the 
developmental  period,  should  not  take  place  until  the  com- 
parative costs  and  values  of  the  radio  and  nonradio  services 
have  been  assessed  and  compared  and  a  determination  made 
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of  other  demands  on  that  portion  of  the  spectrum.  Unless 
the  costs  of  the  radio  service  are  appreciably  less  or  their 
value  appreciably  greater  than  the  corresponding  costs  and 
values  of  the  nonradio  service,  conservation  of  the  spectrum 
requires  that  nonradio  services  be  used. 

2.  The  frequency  tolerances  applicable  to  carrier  emis- 
sions should  be  a  suitably  small  fraction  of  the  channel  width. 
In  most  cases  "suitably  small"  implies  as  small  as  the  state 
of  the  art  permits,  without  incurring  undue  penalties  in  size, 
weight,  or  ease  of  operation  and  maintenance.  Such  penal- 
ties are  not  usually  the  controlling  factor.  The  principal 
deterrent  is  cost.  After  a  reasonable  period  to  amortize  the 
cost  of  substandard  equipment  has  intervened,  it  should  be 
replaced  by  equipment  meeting  a  reasonable  standard  of 
carrier  stability. 

3.  Off-frequency  operation  and  pirating  of  frequencies 
represent  a  gross  derogation  of  the  principles  of  spectrum 
conservation  which  must  be  brought  under  control  by  im- 
proved methods  of  international  cooperation. 

4.  The  use  of  guard  bands  to  accommodate  apparatus  de- 
ficiencies  (such  as  excessive  carrier-frequency  tolerances, 
improper  or  inefficient  transmitter  modulation,  or  inadequate 
receiver  selectivity)  should  be  curtailed. 

5.  The  use  of  the  most  efficient  modulation  methods,  with 
respect  to  uniform  frequency  occupancy  of  the  assigned 
channel,  should  be  encouraged,  particularly  in  the  wide- 
band services  such  as  FM  and  television  broadcasting. 

6.  Every  practical  method  of  restricting  the  extent  to 
which  the  interference  area  of  a  station  extends  beyond  its 
service  area  should  be  employed.  Specific  measures  include 
restriction  of  transmitter  power  to  the  level  required  for  ade- 
quate service,  suppression  of  harmonic  emissions,  synchroni- 
zation  of   carriers   where   practicable    ("offset   carrier"   in 
television  broadcasting),  and  the  employment  of  directional 
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antennas.  Where  the  cost  of  such  measures  is  substantial,  a 
suitable  amortization  period  should  be  allowed. 

7.  Services  occupying  regions  of  the  spectrum  not  par- 
ticularly adapted  to  their  needs  and  capabilities  should  be 
transferred  to  other  regions,  in  accordance  with  the  dictates 
of  full  spectrum  occupancy,  and  outmoded  services  deleted. 
Economic  resistance  to  such  shifts  can  be  overcome  by  an- 
nouncement of  the  impending  change  with  a  statement  of  the 
technical  and  economic  advantages  to  be  obtained,  suffi- 
ciently in  advance  to  permit  old  equipment  to  be  amortized 
and  to  allow  new  equipment  to  be  procured  and  installed. 
As  knowledge  of  propagation  and  equipment  improves  'and 
becomes  stabilized,  it  should  be  possible  to  establish  in  ad- 
vance the  basis  for  such  transfers  over  periods  as  long  as  25 
years,  although  shorter  periods  should  suffice  in  most  cases. 

8.  Frequency  assignments  should  be  shared  to  the  fullest 
practicable  extent.  Time  sharing  of  frequency  assignments  is 
looked  upon  with  disfavor  by  nearly  all  users  of  the  spec- 
trum and  by  many  of  its  administrators,  largely  as  a  result 
of  unfortunate  experience.  Geographical  sharing  is  common 
in  many  services,  including  all  forms  of  broadcasting,  but  is 
uncommon  in  others,  as,  for  example,  between  military  and 
civilian  services.   The  difficulties  of  shared  operation  are 
mainly  administrative.  While  not  belittling  the  problems,  we 
must  recognize  that  the  increasing  congestion  of  the  spec- 
trum will  eventually  force  greater  reliance  on  shared  opera- 
tion. The  time  is  already  past  when  a  local  assignment  made 
under  a  military  administration  should  preclude  a  similarly 
local  assignment  at  a  distance  made  under  a  civilian  admin- 
istration, when  interference  does  not  occur  and  is  not  antici- 
pated. 
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5.4    ECONOMIC  FACTORS  IN  DYNAMIC 
CONSERVATION 


The  corrective  measures  taken  in  the  economic  sphere  are 
influenced  to  a  great  degree  by  two  fundamental  philosophies 
with  respect  to  the  distribution  of  facilities,  which  may  be 
loosely  labeled  "competitive"  and  "monopolistic."  The  dis- 
tinction between  competition  and  monopoly  is  not  confined 
to  radio  allocations,  of  course;  it  is  deeply  ingrained  in  eco- 
nomic theory  and  systems  of  government.  While  forms  of 
government  and  principles  of  regulation  differ,  the  plans  of 
spectrum  administration  must  be  expected  to  differ  in  like 
degree.  It  is  hopeless  to  expect  that  so  fundamental  a  con- 
flict will  be  resolved  in  radio  allocations,  but  it  is  of  value  to 
examine  the  two  patterns  of  administration  as  they  affect 
measures  of  spectrum  conservation. 

The  monopolistic  position  in  radio  allocations  is  based  on 
the  following  reasoning:  Full  occupancy  of  the  spectrum  is 
fostered  by  rigid  control  of  frequency  use,  by  the  elimina- 
tion of  duplicate  facilities  whose  combined  capacity  exceeds 
the  demand  for  service,  by  strict  coordination  of  shared  fre- 
quency assignments,  by  narrow  tolerances  on  carrier  fre- 
quencies and  strict  observance  of  channel  limits.  It  is  argued 
that  these  requirements  are  most  easily  met  when  the  equip- 
ment is  operated  by  a  single  organization,  having  cognizance 
of  the  need  of  spectrum  conservation  and  being  competent 
to  put  the  necessary  measures  into  effect. 

Public  broadcasting  and  common-carrier  radio  services  in 
the  majority  of  countries  are  currently  operated  in  general 
conformance  with  this  monopolistic  principle.  Domestic 
radiotelephone  and  radiotelegraph  services,  open  to  public 
correspondence,  are  customarily  operated  by  the  post  offices 
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in  European  countries.  Broadcasting  services  in  the  great 
majority  of  nations  are  operated  by  a  government  depart- 
ment or  by  a  government-sponsored  corporation  which  has  a 
monopoly  on  this  class  of  service. 

The  alternative  approach  to  the  distribution  of  facilities- 
regulated  competition— is  exemplified  by  the  system  of  broad- 
casting in  the  United  States.  The  administration  of  the  spec- 
trum is  in  the  hands  of  a  government  body  ( the  FCC )  which 
determines  allocations,  assignments,  and  standards  of  engi- 
neering practice.  The  ownership,  operation,  programming, 
etc.,  are  in  the  hands  of  private  companies  which  are,  except 
in  the  case  of  certain  telephone  service,  prevented  by  gov- 
ernment regulation  from  obtaining  a  monopolistic  position. 

Under  this  competitive  system,  regulations  concerning 
frequency  stability,  channel  occupancy,  standards  of  fidelity, 
noise,  distortion,  etc.,  are  set  by  the  government,  in  con- 
formance  with  treaty  agreements  where  applicable,  and  the 
private  operators  are  required  to  adhere  to  these  regulations 
and  standards  under  penalty  of  losing  their  licenses  to  op- 
erate. In  this  respect,  the  quality  of  emissions  under  the 
competitive  system  is  not  inferior,  and  in  some  cases  is  su- 
perior, to  that  of  stations  operating  in  a  monopoly. 

The  difference  between  the  competitive  and  monopolistic 
systems  arises  not  so  much  in  the  operation  of  individual 
stations  as  in  the  number  of  stations  permitted  to  operate. 
In  the  standard  broadcasting  band,  for  example,  the  number 
of  stations  assigned  to  each  channel  is  vastly  greater  in  the 
United  States  than  elsewhere  in  the  world.  This  condition 
follows  from  the  action  of  the  FCC,  under  the  Communica- 
tions Act  of  1934,  in  granting  licenses  to  any  qualified  appli- 
cant who  may  appear,  upon  proper  showing  that  a  public 
service  will  be  rendered  without  causing  undue  interference. 
The  fact  that  10  or  20  broadcast  stations  may  already  be 
serving  the  people  of  a  given  area  is  not  considered  reason  for 
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withholding  permission  for  an  additional  station  to  operate, 
provided  a  channel  can  be  found  on  which  established  levels 
of  interference  will  not  be  exceeded.  The  basic  principle  fol- 
lowed is  that  as  wide  a  choice  of  programs  should  be  made 
available  as  will  be  supported  by  the  public,  subject  to  the 
limitation  that  additional  programs  shall  not  unduly  reduce 
the  service  areas  of  existing  stations. 

The  first  advantage  of  the  competitive  system,  in  the  field 
of  broadcasting,  is  that  the  allocations  and  assignments  tend 
to  follow  the  will  of  the  people  as  that  will  is  evidenced  in 
the  economic  support  of  the  stations.  Second,  competition 
between  program  sources  forces  the  adoption  of  a  program- 
ming policy  in  accord  with  public  taste  and  appetite. 

The  disadvantage  is  that  the  pressure  for  additional  sta- 
tions requires  the  government  regulatory  body  to  act  with 
particular  wisdom  in  finding  the  proper  balance  between  the 
numbers  of  stations  (with  consequent  wider  choice  of  pro- 
grams) on  the  one  hand  and  the  quality  of  the  transmissions, 
as  influenced  by  interference,  on  the  other.  If  this  balance 
is  destroyed,  the  tendency  is  toward  overpopulation  of  the 
broadcast  spectrum.  Many  argue  that  such  overpopulation 
has  already  occurred  in  the  standard  broadcast  band  in  the 
United  States.  Certainly  it  is  true  that  interference-free  serv- 
ice is  to  be  found  at  night  only  within  a  few  tens  of  miles  of 
the  great  majority  of  standard  broadcast  stations.  Longer 
distance  service  is  available  on  certain  clear-channel  stations, 
but  these  constitute  only  about  50  out  of  more  than  2,000 
such  stations  now  operating  in  the  United  States.  When  such 
overpopulation  occurs,  it  should  be  noted,  the  fault  is  not  in 
the  principle  of  competition  but  in  the  method  of  regulation. 

Another  set  of  conditions  obtains  in  the  administration  of 
nonbroadcast  service,  notably  systems  open  to  public  cor- 
respondence. In  domestic  common  carrier  operations,  it  is 
customary  to  set  up  a  governmental  monopoly  or  to  grant  a 
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limited  monopoly  to  a  private  organization.  In  the  interna- 
tional communications  field,  there  are  often  several  organi- 
zations in  apparent  competition.  But  this  situation  does  not 
necessarily  represent  true  competition,  since  a  common  rate 
structure  governs  each  organization.  Thus  if  the  facilities  of 
the  several  organizations  are  increased  until  they  are  more 
than  ample  to  carry  existing  traffic,  the  cost  per  message 
increases.  This  causes  the  operators  to  apply  to  the  rate- 
making  authorities  for  increases  in  rates  which,  if  granted, 
constitute  a  loss  due  to  competition  rather  than  a  benefit 
derived  therefrom. 

These  examples  of  the  tendencies  of  competitive  and 
monopolistic  allocations  are  cited  because  they  constitute 
one  of  the  most  important  conflicts  to  be  resolved  in  assess- 
ing the  economic  and  social  value  of  radio  services.  If  it  is 
decided  that  the  absolute  minimum  of  spectrum  space  must 
be  used  in  each  service,  the  monopolistic  approach  is  indi- 
cated. Carried  to  its  logical  conclusion,  this  approach  leads 
to  a  greater  variety  of  different  types  of  service  but  to  a 
smaller  choice  of  facilities  within  each  type.  The  benefits  of 
true  competition  traditionally  considered  valid  (lower  cost, 
greater  variety,  more  rapid  development  of  improved  meth- 
ods, and  more  rapid  correction  of  mistakes )  are  lost. 

If,  alternatively,  it  is  decided  that  spectrum  space  should 
be  made  available  to  several  organizations  in  competition 
within  each  service  in  order  to  gain  the  benefits  just  men- 
tioned, fewer  classes  of  service  can  be  accommodated  but  a 
greater  variety  in  each  becomes  available. 

It  is  pointless  to  argue  that  spectrum  administrators  must 
adopt  one  course  or  the  other.  The  proper  method  of  alloca- 
tion depends  on  the  situation  in  the  particular  country,  in- 
cluding its  system  of  government.  But  it  can  be  argued,  with 
some  point,  that  the  excesses  of  both  approaches  must  be 
avoided  in  allocating  so  congested  a  domain  as  the  radio 
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spectrum.  The  public  must  not  be  deprived  of  the  type  of 
service  it  wants  and  needs  merely  to  satisfy  an  abstract  con- 
cept, be  that  concept  competitive  or  monopolistic.  To  take  a 
concrete  example,  the  optimum  method  of  allocating  the 
standard  broadcast  service  presumably  lies  somewhere  be- 
tween the  British  monopolistic  system,  with  good  coverage 
but  restricted  choice  of  program,  and  the  American  competi- 
tive system,  with  comparatively  poor  coverage  per  station 
but  considerably  greater  choice  of  programs. 

When  the  appropriate  economic  basis  of  allocation  has 
been  established,  in  line  with  the  foregoing  discussion,  the 
conservation  methods  thereafter  adopted  depend  on  the  eco- 
nomic and  social  values  of  the  various  services.  Without  a 
measure  of  such  values,  it  is  difficult  to  arbitrate  for  or  against 
the  admission  of  new  services  or  the  enlargement  of  estab- 
lished ones  at  the  expense  of  other  services.  It  is  necessary  to 
measure,  at  every  stage  in  the  introduction  and  establishment 
of  a  new  service,  its  actual  and  potential  value  relative  to  the 
older  service  it  tends  to  displace. 

This  measurement  takes  the  form  of  an  assessment  of  cer- 
tain costs  and  values,  some  of  which  can  be  expressed  simply 
in  terms  of  money,  others  of  which  involve  such  intangibles 
as  the  general  public  welfare,  protection  of  life,  national 
defense,  and  the  prejudices  and  desires  of  the  individuals 
collectively  served  or  protected. 

In  purely  commercial  and  industrial  radio  services,  like 
those  used  in  the  operation  of  transportation  systems  ( exclud- 
ing the  safety  services),  the  cost  of  the  radio  service  (the 
equipment,  its  operation  and  maintenance)  can  be  com- 
pared directly  with  the  money  value  of  the  products  trans- 
ported. If  the  ratio  of  cost  to  value  is  low,  it  is  economically 
sound  to  subject  such  services  to  reallocation  of  channels  or 
even  to  removal  from  the  spectrum  when  other  means  will 
serve. 
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In  the  safety  services,  the  value  of  the  service  rendered 
(protection  of  human  life)  is  so  great  that  the  cost  of  render- 
ing it  is,  with  wide  limits,  immaterial.  But  this  fact  does  not 
imply  that  safety  services  should  have  unlimited  access  to 
the  spectrum.  Quite  the  contrary.  To  ensure  that  distress 
calls  can  be  answered  and  other  safety  requirements  met  on 
the  broadest  possible  basis,  a  high  degree  of  standardization 
is  required  in  these  services.  Such  standardization  impedes 
the  adoption  of  new  methods  and  equipment.  Here  again,  a 
sufficiently  long  interval  between  the  announcement  of  in- 
tention to  adopt  new  safety  systems  and  the  actual  shift  in 
allocation  will  bridge  the  gap.  The  resulting  improvement  in 
the  safety  services  is  evidently  worth  while. 

In  services  where  the  public  investment  is  large  and  widely 
distributed,  as  in  the  various  forms  of  broadcasting,  the  cost 
of  the  equipment  is  relatively  high  in  relation  to  the  value  of 
the  service.  Shifts  in  the  broadcast  allocation  structure  should 
be  approached  more  slowly  than  in  the  commercial  and 
industrial  services.  But  sight  must  not  be  lost  of  the  fact  that 
broadcast  receivers  do  become  obsolete  (more  rapidly,  for 
example,  than  shipboard  receivers).  Shifts  in  broadcast 
allocation  are  feasible,  therefore,  when  properly  conceived 
and  executed  over  a  suitably  long  interval. 


5.5    SPECIFIC  EXAMPLES 


In  conclusion,  several  examples  of  prospective  shifts  in  allo- 
cation may  be  cited  which  illustrate  the  technical  and  eco- 
nomic trends  discussed  above.  In  the  location  and  ranging 
services  there  is  a  definite  trend  away  from  aeronautical 
beacon  service  now  occupying  the  band  200  to  415  kc  and 
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toward  consolidation  of  these  activities  in  the  UHF  above 
900  me.  Maritime  beacons  in  this  band  may  continue  to  be 
used  for  a  decade  or  more,  but  the  present  availability  of 
more  accurate  navigation  means  on  higher  frequencies  points 
to  the  eventual  evacuation  of  this  band  by  the  location  and 
ranging  services.  Aural  broadcasting,  as  stated  elsewhere  in 
this  book,  could  use  this  vacated  space  to  advantage. 

Aeronautical  beacons  now  operating  in  the  band  108  to 
118  me  and  air-to-ground  communications  in  the  band  118  to 
144  me  are  planned  for  transfer  at  an  early  date  to  higher 
frequencies,  and  the  space  thus  vacated  is  vitally  needed  by 
the  land-mobile  services. 

The  land-mobile  service  at  2  me  can  operate  better  on  fre- 
quencies in  the  VHP  range  whereas  maritime  medium-dis- 
tance stations  in  this  band  can  use  more  space  effectively. 
The  land-mobile  safety  services  now  operating  in  the  30-  to 
50-mc  range,  such  as  fire  and  police,  are  subjected  to  long- 
distance interference  during  periods  of  high  sunspot  activity. 
These  vital  services  should  be  transferred  to  higher  frequen- 
cies which  are  free  of  such  interference,  leaving  more  space 
for  other  land-mobile  services  which  can  cope  better  with 
these  propagation  characteristics. 

The  maritime  mobile  service  should  consolidate  its  com- 
munication requirements,  making  use  of  advanced  types  of 
equipment  and  methods  of  handling  traffic.  Such  a  consolida- 
tion might  take  the  form  of  transferring  the  telegraph  service 
from  the  frequencies  below  500  kc  to  HF  telegraph  bands 
starting  at  2  me  and  including  4-,  8-,  12-,  and  16-mc 
bands.  Fewer  telegraph  bands  and  advanced  transmitter  de- 
sign and  systems  of  handling  additional  traffic  should  greatly 
improve  the  efficiency  and  economy  of  this  service.  The  mari- 
time mobile  telephone  service  should  be  expanded  in  the  2- 
mc  range  but  limited  to  those  users  requiring  a  communica- 
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tion  range  greater  than  that  obtainable  on  VHF.  Short-dis- 
tance maritime  mobile  communications,  capable  of  being 
handled  on  the  VHF  should  not  operate  on  the  congested 
HF  bands.  The  maritime  safety  service,  including  a  standard- 
ized automatic  alarm  system,  might  well  be  established  in  the 
vicinity  of  2  me  and  combined  with  a  similar  safety  operation 
in  the  aeronautical  field. 

In  the  broadcast  services,  extension  of  the  standard  broad- 
cast band  downward  in  the  direction  of  200  kc,  in  the  areas 
of  the  world  not  now  using  this  space  for  broadcasting,  would 
appear  a  worth-while  long-term  objective.  Particularly  to 
provide  coverage  of  rural  areas  in  implementing  additional 
broadcast  space,  the  aim  should  be  to  furnish  interference- 
free  service  over  the  areas  served  by  these  frequencies  in 
order  to  provide  the  best  possible  reception  in  large  sparsely 
populated  areas.  This  means  that  in  most  countries  there 
should  be  no  additional  broadcast  stations  authorized  in  the 
LF  and  MF  bands.  Rather,  the  actual  number  of  aural  broad- 
casting stations  should  be  reduced  in  order  to  obtain  suffi- 
cient cochannel  and  adjacent  channel  separation.  Those  sta- 
tions which  provide  a  purely  local  service  should  be  moved 
to  the  band  88  to  108  me,  thus  providing  a  superior  short- 
range  service. 

Within  20  years  it  should  be  possible  to  provide  long- 
distance coverage  of  most  of  the  world  by  MF  and  LF  sta- 
tions and  to  supply  multiple  service  to  all  areas  of  concen- 
trated population  by  VHF.  This  plan  should  also  provide 
sufficient  channels  and  freedom  from  interference  so  that  the 
bands  above  2  me,  which  are  subject  to  serious  sky-wave 
interference,  will  no  longer  be  required  for  domestic  service. 
Implementation  of  such  an  allocation  plan  for  broadcasting 
accomplished  gradually  does  not  present  insurmountable 
social  and  economic  difficulties.  The  problem  is  one  of  de- 
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veloping  and  publicizing  sound  long-range  administrative 
plans,  accompanied  by  industrial  efficiency  in  providing 
low-cost  transitional  receivers. 

The  HF  broadcast  bands  should  not  be  used  for  domestic 
coverage  which  could  be  accomplished  better  in  the  MF  or 
VHF  bands,  and  the  number  of  HF  transmitters  per  country 
should  be  materially  reduced  in  order  to  accomplish  selective 
programming  with  less  interference  to  the  benefit  of  all.  Fur- 
thermore, for  the  reasons  outlined  in  Chaps.  3  and  4,  every 
effort  should  be  made,  as  soon  as  international  conditions 
permit,  to  reduce  international  and  intercontinental  HF 
broadcasting  by  encouraging  the  transmission  of  programs 
by  transcriptions  or  by  the  use  of  high-quality  fixed  circuits 
and  rebroadcasting  the  programs  over  the  LF,  MF,  and  VHF 
broadcast  services. 

Finally  the  use  of  VHF  and  UHF  point-to-point  relays  for 
fixed  radiotelephone  and  radiotelegraph  circuits  is  indicated 
as  a  measure  to  relieve  congestion  on  the  MF  and  HF  bands. 

These  changes  in  allocation  are  typical  of  the  action  re- 
quired under  the  proposed  program  of  dynamic  conserva- 
tion. Resistance  can  be  expected  from  those  required  thereby 
to  make  changes  in  equipment  and  operating  procedures.  But 
if  the  changes  can  be  shown  to  be  technically  sound  and  to 
have  inherent  ultimate  benefit,  they  are  in  the  public  interest 
and  are  beneficial  to  private  and  government  interests  as 
well.  When  this  benefit  is  recognized,  and  when  the  transfer 
is  made  in  such  a  way  as  to  avoid  undue  financial  hardship, 
the  resistance  can  be  transformed  to  cooperative  participa- 
tion in  the  program  of  spectrum  conservation. 
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CHARTER  OF  THE  JOINT  TECHNICAL 
ADVISORY  COMMITTEE 


Function  and  Procedure  of  the  Joint  Technical 
Advisory  Committee 

1.  Preamble     For  the  purpose  of  rendering  additional  pub- 
lic services  in  their  fields  of  activity,  the  Institute  of  Radio 
Engineers  (IRE)  and  the  Radio  Manufacturers  Association 
(RMA)  *    jointly   created   a   committee   named   the   Joint 
Technical  Advisory  Committee  (JTAC)  responsible  to  their 
respective  Boards  of  Directors,  and  establish  this  charter 
under  which  the  Committee  shall  operate. 

2.  Objective    The  JTAC  shall  obtain  and  evaluate  informa- 
tion of  a  technical  or  engineering  nature  relating  to  the  radio 
art  for  the  purpose  of  advising  Government  bodies  and  other 
professional  and  industrial  groups.  In  obtaining  and  evaluat- 
ing such  information,  the  JTAC  shall  maintain  an  objective 
point  of  view.  It  is  recognized  that  the  advice  given  may 
involve  integrated  professional  judgments  on  many  inter- 
related factors,  including  economic  forces  and  public  policy. 

3.  Duties    The  duties  of  the  JTAC  shall  be  as  follows: 

a.  To  consult  with  Government  bodies  and  with  other  pro- 
fessional and  industrial  groups  to  determine  what  technical 
information  is  required  to  insure  the  wise  use  and  regula- 
tion of  radio  facilities. 

b.  To  establish  a  program  of  activity  and  determine  prior- 
ity among  the  problems  selected  by  it  or  presented  to  it  in 
view  of  the  needs  of  the  profession  and  the  public. 

*  Now  the  Radio-Television  Manufacturers  Association  ( RTMA ) . 
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c.  To  establish  outlines  of  the  information  required  in 
detailed  form.  These  outlines  will  be  submitted  to  qualified 
groups  as  hereinafter  defined,  who  shall  study  the  require- 
ments and  supply  the  required  information. 

d.  To  sift  and  evaluate  information  thus  obtained  so  as  to 
resolve  conflicts  of  fact,  to  separate  matters  of  fact  from 
matters  of  opinion,  and  to  relate  the  detailed  findings  to  the 
broad  problems  presented  to  it. 

e.  To  present  its  findings  in  a  clear  and  understandable 
manner  to  the  agencies  originally  requesting  the  assistance 
of  the  Committee. 

/.  To  make  its  findings  available  to  the  profession  and  the 
public. 

g.  To  appear  as  necessary  before  Government  or  other 
parties  to  interpret  the  findings  of  the  Committee  in  the  light 
of  other  information  presented. 

4.  Membership     The  JTAC  shall  consist  of  eight  (8)  mem- 
bers. 

The  members  shall  be  chosen  on  the  basis  of  professional 
standing,  integrity,  and  competence  to  deal  with  the  prob- 
lems to  be  considered  by  the  Committee.  The  members  shall 
be  chosen  from  among  all  qualified  engineers  irrespective  of 
the  organizations  to  which  they  belong  or  the  companies  by 
whom  they  are  employed  and  shall  operate  without  instruc- 
tion. Half  of  the  members  shall  be  nominated  by  IRE  and 
half  by  RMA,  and  the  appointment  of  all  members  shall  be 
confirmed  by  both  bodies.  None  of  the  members  shall  receive 
any  regular  compensation  for  services  from  the  National  or 
any  State  Government. 

There  shall  be  no  alternate  members. 

Members  shall  serve  for  a  term  of  two  ( 2 )  years,  commenc- 
ing July  1  and  terminating  June  30.  To  assist  in  maintaining 
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the  continuity  of  action  of  the  Committee,  half  the  initial 
roster  of  members  of  the  Committee  shall  be  appointed  to 
serve  two  consecutive  terms. 

5.  Officers    The  officers  of  the  Committee  shall  be  a  Chair- 
man, a  Vice  Chairman,  and  a  Secretary.  The  Chairman  and 
Vice  Chairman  shall  be  appointed  from  among  the  eight 
members  of  the  JTAC  by  the  Boards  of  Directors  of  the  IRE 
and  of  the  RMA  on  alternate  years  and  will  serve  for  a  term 
of  one  year,  except  as  may  be  otherwise  determined  by  the 
Boards.  The  Secretary  shall  be  a  qualified  individual  ap- 
pointed by  the  members  of  the  JTAC  and  shall  serve  for  a 
term  of  one  year.  The  Secretary  shall  not  be  a  member  of 
the  Committee. 

6.  Committees  and  Consultants    The  JTAC  shall  make  use 
of  existing  committees  in  the  IRE  and  RMA  organizations 
wherever  possible.  Where  a  qualified  group  does  not  exist, 
the  JTAC  shall  appoint  ad  hoc  committees  to  study  and  re- 
port on  particular  subjects.  Such  ad  hoc  committees  shall  be 
disbanded  upon  completion  of  their  assignments.  The  Com- 
mittee shall  also  make  use  of  qualified  sources  of  informa- 
tion outside  the  IRE  and  RMA  organizations,  including  the 
engineering  staffs  of  Government  bodies  as  well  as  profes- 
sional, educational,  and  industrial  groups  qualified  to  assist 
in  its  program.  Technical  consultants  may  be  invited  to  assist 
upon  occasion,  by  the  Committee  as  a  whole. 

7.  Procedure     The  proceedings  of  the  JTAC  shall  be  con- 
ducted in,  accordance  with  parliamentary  procedure  as  out- 
lined in  Roberts'  "Rules  of  Order."  Five  (5)  members  shall 
constitute  a  quorum.  In  view  of  the  nature  of  the  activity  of 
the  Committee,  it  is  expected  that  the  majority  of  actions 
taken  will  be  by  unanimous  vote.  In  any  event,  no  affirmative 
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action  shall  be  taken  by  the  Committee  based  on  less  than 
five  (5)  affirmative  votes.  Minutes  of  all  proceedings  shall 
be  recorded  by  the  Secretary,  and  shall  be  distributed  to 
the  members  of  JTAC  and  to  the  members  of  the  Boards  of 
Directors  of  the  IRE  and  RMA.  The  business  affiliations  of 
the  members  shall  be  omitted  from  the  Committee  records. 
The  JTAC  may  authorize  the  distribution  of  minutes  to 
qualified  representatives  of  the  agency  requesting  its  advice 
and  assistance.  Meetings  shall  be  called  by  the  Chairman  as 
necessary,  or  by  a  majority  of  the  members  upon  ten  days' 
notice,  except  that  meetings  may  be  held  on  less  than  ten 
days'  notice  if  waivers  of  notice  are  obtained  from  the  entire 
membership.  To  insure  that  the  JTAC  findings  are  based 
upon  all  available  information,  the  Committee  will  accept 
and  endeavor  to  secure  information  on  particular  topics  from 
all  organizations  and  individuals  having  such  information, 
and  a  complete  record  of  this  fact-finding  procedure  shall 
be  kept  by  the  Secretary.  The  JTAC  may  invite  observers 
from  those  agencies  seeking  its  advice,  such  observers  to 
attend  meetings  at  which  their  problems  are  considered.  The 
expenses  of  the  Secretariat  shall  be  borne  equally  by  the  IRE 
and  RMA  to  the  Boards  of  Directors  of  which  statements 
thereof  are  to  be  provided  quarterly.  In  event  of  question, 
the  amount  of  allowable  expense  shall  be  determined  by  the 
two  Boards  of  Directors. 

Adopted  by  the  Boards  of  Directors  of  the  Institute  of 
Radio  Engineers  and  the  Radio  Manufacturers  Association. 

B.  E.  SHACKELFORD  W.  R.  G.  BAKER 

For  the  Institute  of  Radio       For  the  Radio  Manufacturers 
Engineers  Association 

June  17, 1948  June  21, 1948 
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Conductivity,  variations  due  to,  58 

Conservation  of  spectrum  resources 
(see  Dynamic  conservation) 

Critical  frequency,  66 
diurnal  variations  of,  73 

Cross  modulation,  47 


D  layer,  66 

Delay  time,  variations  in,  49,  63 

Diffraction,  25,  26,  92,  94 

Diffraction  effects,  107,  113 

Directional  antennas,  29 

Directional  effects,  48,  62 

Directive  gain,  30 

Directivity,  considerations  of,  110 

Distance,  variation  with,  117 

Distance  ranges,  81,  82 

Ducts,  atmospheric,  103 
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Dynamic  conservation,  175 
economic  factors  in,  190 
examples  of,  195 

technical  measures  to  implement, 
186 


E  layer,  66 

critical  frequency,  72 

regular  variations,  72 
Electron   density,    distribution    with 

height,  67 

Elevated  layers,  effects  of,  101 
End  uses  of  radio,  179 


F!  layer,  66 

critical  frequencies,  72 

regular  variations,  72 
F2  layer,  66,  67 

critical  frequencies,  74 

regular  variations,  74 
Fading,  28,  30,  87 

absorption,  31 

interference,  30 

polarization,  31 

selective,  31 

skip,  31 

Federal    Communications    Commis- 
sion (FCC),  12,  16,  151,  191 
Federal  Radio  Commission,  10,  12 
Field  strength,  78 

day-to-day  variations  of,  80 

ground-wave,  56 

methods  of  estimating,  39 

over  long  distances,  42 

sky-wave,  61 

data,  60 
Fixed  services,  127,  154 

ideal  allocation  for,  130 
Free-space  gain,  99 
Free-space  transmission,  22 
Frequencies,  critical,  66,  73 

for  fixed  distances,  limits  of  usable, 
82 

lowest  useful,  82,  83 

maximum  usable    (see   Maximum 
usable  frequency) 

uses  of,  90 


Frequency  ranges,  10  to  200  kc,  52 

200  to  2,000  kc,  64 

30  to  3,000  me,  106 

treatment  of  successive,  21 

usability  of,  33 
Frequency  tolerances,  188 
Frequency  variations  of  atmospheric 
radio  noise,  89 


Galactic  noise,  105,  122 
Geographic  variations  of  atmospheric 

radio  noise,  89 
Gradient,  standard,  93,  94 
Ground  reflections,  93,  112 
Ground  wave,  40 
data  on,  55 
field  strength,  56 

methods  of  estimating,  39 
Ground-wave   propagation,    53,    54, 

95 

Ground-wave  transmission,  34 
Guided  propagation,  92,  94,  103 

H 

HF  broadcasting  bands,  13 
Horizontal  polarization,  97 

I 

Ideal  allocation  (see  Allocation, 
ideal) 

Incidence,  oblique,  69 

Industrial  uses  of  radiation,  147 

Information  transmission,  theory  of, 
183 

Interference,  25,  27 

Interference  range  of  transmitter, 
184 

Interference  sector,  184 

International  Administrative  Aero- 
nautical Radio  Conference,  15 

International  Frequency  Registration 
Board,  15,  151 

International  Radio  Consultative 
Committee  (CCIR),  12,  16, 
151 

International  Radiotelegraph  Confer- 
ence (see  Radiotelegraph  Con- 
ference ) 
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International  Scientific  Radio  Union, 

151 
International  Telecommunications 

Conference,  14 
International  Telecommunications 

Union,  151 

Inter-Service  Ionosphere  Bureau,  13 
Interservice  Radio  Propagation  Lab- 
oratory, 13 
Ionosphere,  24,  65 
Ionosphere  disturbances,  sudden,  85 
Ionosphere  irregularities,   effects   of, 

84 

Ionosphere  storms,  86,  87 
Ionospheric  absorption,  26,  79 
Ionospheric  propagation,  35,  68 
Ionospheric  reflection,  37,  41 

J 

Johnson  noise,  105 
Joint  Technical  Advisory  Committee, 
210 

charter  of,  211 

members  of,  215 


Land-mobile  service,  196 

Land  radio  navigational  service,  144 

Layer  reflections,  113 

Location  services,  141 

ideal  allocation  for,  144 
Loran  stations,  LF,  49 
Lowest  useful  frequency  ( LUF ) ,  82, 
83 

M 

Maritime  mobile  service,  196 
Maritime  radar  allocations,  172 
Maritime  radio  navigational  services, 

143 
Maximum  usable  frequency  (MUF), 

70 
as  function  of  latitude  and  local 

time,  77 

predictions  of,  78 
variations  of,  71 
day-to-day,  75 

Medical  uses  of  radiation,  147 
Medium,  physical  properties  of,  111 


Meteorological  effects,  111 
Microwave  relays,  174 
Mobile  services,  130,  154 
ideal  allocation  for,  133 
Modifying  effects,  117 
Modulation,  methods  of,  182 
Molecular  absorption,  115 
Monopolistic  position  in  radio  alloca- 
tions, 190 

Monopolistic  system,  191 
Multiple-path  transmission,  34,  95 

N 

Navigational  radio  services,  aeronau- 
tical, 142 
land,  144 
maritime,  143 
Noise,  atmospheric  ( see  Atmospheric 

noise) 

galactic,  105,  122 
industrial,  104 
Johnson,  105 
radio,  28,  31,  63,  88,  104,  122 

variations  in,  50 
receiver,  105,  122 
resistance,  105 
Nomenclature,  spectrum,  4 

O 

Oblique  incidence,  69 


Path  gain,  100 

as  function  of  distance,  98 
Polarization,  horizontal,  97 
Polarization  effects,  25,  26,  46,  62, 

95 

Power,  considerations  of,  109 
Propagation,    ground-wave,    53,   54, 

95 

guided,  92,  94,  103 
ionospheric,  35,  68 
mechanisms  of,  92 
modes  of,  69 

radio,  basic  phenomena  of,  24 
general  nature  of,  22 
special  complications  of,  28 
radio-wave,  3 
sky-wave,  13,  54,  58 
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Propagation,   VLF,    attenuation   co- 
efficients for,  45 
basis  of,  38 
Propagation  characteristics,  from  10 

to  200  kc,  36,  199 
from  200  to  2,000  kc,  53,  205 
from  2  to  30  me,  65,  205 
from  30  to  3,000  me,  91,  206 
from  3,000  to  300,000  me,   107, 

207 

of  radio  spectrum,  19 
Propagation    effects,    miscellaneous, 

62 

Propagation  medium,  23 
Provisional  Frequency  Board,  15 


Radio,  end  uses  of,  179 

uses  of,  127 

Radio-frequency  generators,  147 
Radio-frequency  spectrum,  17 
Radio  gain,  99 
Radio  location  services,  141 
Radio  navigation  services,  154 

land,  144 

maritime,  143 

Radio  noise,  28,  31.  50,  63,  88,  104, 
122 

(See  also  Atmospheric  noise) 
Radio  path,  transmission  character- 
istics of,  116 

Radio  propagation,  22,  24,  28 
Radio  spectrum,  historical  develop- 
ment of,  2 

propagation  characteristics  of,  19 
Radio  Technical  Planning  Board,  13 
Radiotelegraph  Conference,  first,  5 

second,  5 

third,  7 

fourth,  9 

fifth,  11 

sixth,  11 

seventh,  12 

Radio-wave  propagation,  3 
Radio  waves,  extraterrestrial,  105 
Rain  scattering,  114,  120,  121 
Ranging  services,  141 

ideal  allocation  for,  144 


Receiver  noise,  105,  122 
Reflection,  25,  92 
Reflection  coefficient,  41,  42,  95 
Reflections,  ground,  93,  112 

ionosphere,  37,  41 

layer,  113 

scattered,  84 

sporadic-E,  71,  75 
Refraction,  24,  25,  92 
Resistance  noise,  105 


Scattered  reflections,  84 
Scattering,  25,  27,  92 
rain,  114,  120,  121 
Scientific  uses  of  radiation,  147 
Service,  reliable  range  of,  184 
Ship-to-shore  service,  8,  10 
Skip  distance,  69 
Sky  wave,  40 
data  on,  59 

field-strength,  60 
Sky-wave  propagation,  13,  54,  58 
Sky-wave  transmission,  34 
Solar  activity,  effect  of,  50 

variation  with,  43 
Special  services,  144 

ideal  allocation  for,  147 
Special  techniques,  108 
Spectrum,  present  use  of,  from  10  to 

200  kc,  154 

from  200  to  2,000  kc,  155 
from  2  to  30  me,  159 
from  30  to  3,000  me,  164,  208 
from  3,000  to  300,000  me,  171, 

208 

radio-frequency,  17 
Spectrum  conservation,  3 

dynamic  (see  Dynamic  conserva- 
tion) 

examples  of,  195 
Spectrum  nomenclature,  4 
Spectrum     occupancy,     actual    and 

ideal,  181 
Sporadic  E,  84 

reflections,  71,  75 
Standard  atmosphere,  93 
Standard  broadcast  band,  191,  197 
Standard  gradient,  93,  94 


INDEX 

Sudden  ionosphere  disturbances 

(SID),  85 
Sunspot-cycle  variations,  67 

T 

Technical    information,    sources    of, 

210 

Time  of  day,  variation  with,  44 
Time  variations  of  atmospheric  radio 

noise,  89 
Troposphere,  25 
Turbulence,     atmospheric,     94,     95, 

102 

U 
Uses  for  radio,  127 
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v 


Variations  of  atmospheric  noise,  day- 
to-day,  90 
geographic,  time,  and  frequency, 

89 

VLF  propagation,  38,  45 
Visual  broadcast  services,  133 
ideal  allocation  for,  139 


W 

Waveguide  transmission  line,  125 
Waves,  extraterrestrial  radio,  105 
( See     also     Ground    wave;     Sky 
wave) 


